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      Different Ways for BioHydrogen Production    The four possible ways for producing H 2 , by exploiting microbial 
activities, are shown here.  Biophotolysis : H 2  production by microalgae (through H 2 -ase) or Cyanobacteria 
(through H 2 -ase or N 2 -ase) by using low potential reductants derived from either water or stored sugars  via  the 
photosynthetic machinery.  Photofermentation : H 2  production by anoxygenic photosynthetic bacteria (through 
N 2 -ase) by using reductants obtained from the oxidation of organic compounds as well as solar energy used 
through photosynthesis.  Dark fermentation : H 2  production by mesophilic or thermophilic chemoheterotrophic 
bacteria (through H 2 -ase) by using reductants and energy obtained from the oxidation of organic compounds. 
 Microbial Electrolysis Cell (MEC):  H 2  production by means of cathodic proton reduction with applied potential 
exploiting the low redox potential produced by exoelectrogenic bacteria at the anode. This fi gure is adapted from 
Fig. 1.3 in Chap.   1     of this book.  
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  W e are delighted to announce the publication 
of volume 38 in this series. The title of our 
series  Advances in Photosynthesis and 
Respiration  was already updated in volume 
35 to include the subtitle : Including 
Bioenergy and Related Processes . Earlier, 
the front cover of each volume had a distinc-
tive white background and color palette; 
from volume 35, it has been changed to a 
web-friendly green background; and each 
volume begins with a unique fi gure, repre-
senting the book. Further, the publisher, 
Springer, makes the front matter of all of the 
volumes freely available online. Links to 
each volume are given under “Our Books: 
Published Volumes.” Readers may also 
notice that this volume and the past few vol-
umes have had color fi gures integrated into 
the chapters, instead of being collected in 
one section of the book. This improvement 
was possible because of changes in how the 
books are produced. Another change is that 
references to chapters in books are now 
being tracked by bibliographic services. This 
will help authors provide evidence of the 
importance of their work. We hope that these 
updates will maintain the importance of 
these edited volumes in the dissemination of 
the science of photosynthesis and bioenergy. 

 We are delighted to announce that volume 
38 is the fi rst one to deal with the new 
direction “ Including Bioenergy and Related 
Processes.”  We are indeed fortunate to have 
two distinguished authorities with us as edi-
tors of this new volume 38: Davide Zannoni, 
and Roberto De Philippis. Zannoni is a 

Professor of General Microbiology, at the 
University of Bologna, Italy; he is an autho-
rity on the structure and the function of 
membrane redox-complexes in microbes, 
and a pioneer of bioenergetics and genomics 
of microbial remediation of metals in many 
systems. More importantly, his present focus 
is on the production of hydrogen by thermo-
philic bacteria and electricity from microbial 
systems. De Philippis is an Associate 
Professor of Microbial Biotechnology at the 
University of Florence, Italy. He is an authority 
on exopolysaccharide-producing cyanobac-
teria and their biotechnological exploitation 
and, more importantly, in the last 15 years he 
has been deeply involved in studies on the 
photofermentative production of hydrogen 
indoors and outdoors and on the effi cient con-
version of light energy into hydrogen energy. 

    This Book: Volume 38 

  Microbial BioEnergy: Hydrogen Production  
is a comprehensive book covering most of 
the processes important for the microbial 
hydrogen production. It provides a broad 
coverage of this emerging research fi eld and, 
in our opinion, it should be accessible to 
advanced undergraduates, graduate students, 
and researchers needing to broaden their 
knowledge on the photosynthetic and fer-
mentation processes applied to hydrogen gas 
generation. For biologists, biochemists, bio-
physicists and microbiologists, this volume 
provides a solid and quick starting base to 
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get into biotechnological problems of 
“microbial bioenergy.” We believe that this 
volume will also be of interest to teachers 
of advanced undergraduate and graduate 
students in chemical engineering and bio-
technology needing a single reference book 
on the latest understanding of the critical 
aspects of microbial bioenergy production. 

 The  Preface  of this book appropriately 
states “Solar energy is the source of most of 
the    living organisms on Earth so that the 
overall effi ciency of oxygenic and/or non-
oxygenic photosynthesis, when used to gen-
erate biomass, bioenergy and biofuels, is a 
critical point to be considered.” This volume 
in our series, however, not only provides a 
comprehensive view of the current under-
standing of the photosynthetic mechanisms 
linked to bio-hydrogen production but also 
extends this view to the anaerobic-dark 
processes involved in transforming the 
solar-generated biomass into bio-hydrogen 
along with an in-depth coverage of both 
structural and functional aspects of the main 
enzymes involved, such as  nitrogenases  and 
 hydrogenases . 

 In our opinion, this book has been appro-
priately dedicated to Hans Gaffron (1902–
1979) and Howard Gest (1921–2012), 
founders of the microbial based hydrogen 
gas production technologies. One of us 
(Govindjee) is fortunate to have known per-
sonally both these giants of photosynthesis 
research. Among the various other discover-
ies, Gaffron was the fi rst to observe, in 1942, 
hydrogen production by green algae under 
sulfur starvation, while Gest was the fi rst to 
describe, in 1949, hydrogen-production by 
purple non-sulfur phototrophic bacteria (See 
below for information on “Discoveries in 
Photosynthesis” volume 20, in our series, 
where these discoveries are described).  

    Authors 

 The current book contains 15 chapters writ-
ten by 42 international authors from 10 dif-
ferent countries (Australia, Canada, France, 
Germany, Italy, Portugal, Russia, Spain, 

Turkey, USA). We give special thanks to 
each and every author for their valuable con-
tribution to the successful production of this 
unique book: 

 Francisco Gabriel  A cién-Fernández 
(Spain; Chap.   13    ); Alessandra Adessi (Italy; 
Chap.   12    ); Giacomo Antonioni (Italy; Chap.   15    ); 
Sara E.  B lumer-Schuette (USA; Chap.   8    ); 
Hermann Bothe (Germany; Chap.   6    ); 
Martina  C appelletti (Italy; Chap.   9    ); 
Jonathan M. Conway (USA; Chap.   8    ); 
Roberto  D e Philippis (Italy; Chap.   12    ); 
Alexandra Dubini (USA; Chap.   5    ); Carrie 
 E ckert (USA; Chap.   5    ); Ela Eroglu 
(Australia; Chap.   11    ); Inci Eroglu (Turkey; 
Chap.   11    ); José M.  F ernández-Sevilla 
(Spain; Chap.   13    ); Juan C. Fontecilla-Camps 
(France; Chap.   2    ); Dario Frascari (Italy; 
Chap.   15    ); Maria L.  G hirardi (USA; Chap.   5    ); 
Ufuk Gündüz (Turkey; Chap.   11    ); Patrick 
C.  H allenbeck (Canada; Chap.   1    ); Robert 
M.  K elly (USA; Chap.   8    ); Paul W. King (USA; 
Chap.   5    ); Sergey Kosourov (Russia; Chap.   14    ); 
Pierre-Pol  L iebgott (France; Chap.   3    ); 
Pin-Ching  M aness (USA; Chap.   5    ); James 
B. McKinlay (USA; Chap.   7    ); Emilio 
Molina-Grima (Spain; Chap.   13    ); David 
W. Mulder (USA; Chap.   5    ); William E.  N ewton 
(USA; Chap.   6    ); Paulo  O liveira (Portugal; 
Chap.   4    ); Bernard Ollivier (France; Chap.   9    ); 
Ebru Özgür (Turkey; Chap.   11    ); Catarina 
C.  P acheco (Portugal; Chap.   4    ); Anne Postec 
(France; Chap.   9    ); John M.  R egan (USA; 
Chap.   10    ); Marc Rousset (France; Chap.   3    ); 
Paula  T amagnini (Portugal; Chap.   4    ); 
Anatoly Tsygankov (Russia; Chap.   14    ); 
Anne  V olbeda (France; Chap.   2    ); Hengjing 
 Y an (USA; Chap.   10    ); Jianping Yu (USA; 
Chap.   5    ); Meral Yücel (Turkey; Chap.   11    ); 
Davide  Z annoni (Italy; Chap.   9    ); Jeffrey 
V. Zurawski (USA; Chap.   8    ).  

    Our Books: Published Volumes 

 We list below information on all the 37 vol-
umes that have been published thus far (see 
  http://www.springer.com/series/5599     for the 
web site of the series). Electronic access to 
individual chapters depends on subscription 
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(ask your librarian) but Springer provides 
free downloadable front matter as well as 
indexes at the above site. As of July, 2011, 
Tables of Contents have been available for all 
the volumes. The available web sites of the 
books in the Series are listed below.

•     Volume 37 (2014)  Photosynthesis in 
Bryophytes and Early Land Plants, edited by 
David T. Hanson and Steven K. Rice, from 
USA. Eighteen chapters, approx. 500 pp, 
Hardcover, ISBN: 978-94-007-6987-8 (HB) 
ISBN 978-94-007-6988-5 (e-book) [  http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-94-007-6987-8    ]  

•    Volume 36 (2013) Plastid Development in 
Leaves During Growth and Senescence , 
edited by Basanti Biswal, Karin Krupinska 
and Udaya Biswal, from India and Germany. 
Twenty-eight chapters, 837 pp, Hardcover, 
ISBN: 978-94-007-5723-3 (HB) ISBN 978-94-
XXXXX (e-book) [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-007-5723-3    ]  

•    Volume 35 (2012) Genomics of Chloroplasts 
and Mitochondria , edited by Ralph Bock 
and Volker Knoop, from Germany. Nineteen 
chapters, 475 pp, Hardcover, ISBN: 978-94-
007-2919-3 (HB) ISBN 978-94-007-2920-9 
(e-book) [  http://www.springer.com/life+
sciences/plant+sciences/book/978-94-007-
2919-3    ]  

•    Volume 34 (2012) Photosynthesis – Plastid 
Biology, Energy Conversion and Carbon 
Assimilation , edited by Julian Eaton-Rye, 
Baishnab C. Tripathy, and Thomas D. Sharkey, 
from New Zealand, India, and USA. Thirty-
three chapters, 854 pp, Hardcover, ISBN: 978-
94-007-1578-3 (HB) ISBN 978-94-007-1579-0 
(e-book) [  http://www.springer.com/life+
sciences/plant+sciences/book/978-94-007-
1578-3    ]  

•    Volume 33 (2012): Functional Genomics 
and Evolution of Photosynthetic Systems , 
edited by Robert L. Burnap and Willem 
F. J. Vermaas, from USA. Fifteen chapters, 
428 pp, ISBN: 978-94-007- 1532–5 [  http://
www.springer.com/life+sciences/book/
978-94-007-1532-5    ]  

•    Volume 32 (2011): C   4    Photosynthesis and 
Related CO   2    Concentrating Mechanisms , 
edited by Agepati S. Raghavendra and Rowan 
Sage, from India and Canada. Nineteen 
chapters, 425 pp, Hardcover, ISBN: 978-
90-481-9406-3 [  http://www.springer.com/
life+sciences/plant+sciences/book/978-90-
481-9406-3    ]  

•    Volume 31 (2010): The Chloroplast: 
Basics and Applications , edited by 
Constantin Rebeiz (USA), Christoph 
Benning (USA), Hans J. Bohnert (USA), 
Henry Daniell (USA), J. Kenneth Hoober 
(USA), Hartmut K. Lichtenthaler (Germany), 
Archie R. Portis (USA), and Baishnab C. 
Tripathy (India). Twenty-fi ve chapters, 451 
pp, Hardcover, ISBN: 978-90-481-8530-6 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-8530-6    ]  

•    Volume 30 (2009): Lipids in Photosynthesis: 
Essential and Regulatory Functions , edited 
by Hajime Wada and Norio Murata, both from 
Japan. Twenty chapters, 506 pp, Hardcover, 
ISBN: 978-90-481-2862-4; e-book, ISBN: 
978-90-481-2863-1 [  http://www.springer.com/
life+sciences/plant+sciences/book/978-
90-481-2862-4    ]  

•    Volume 29 (2009): Photosynthesis in 
Silico: Understanding Complexity from 
Molecules , edited by Agu Laisk, Ladislav 
Nedbal, and Govindjee, from Estonia, The 
Czech Republic, and USA. Twenty chap-
ters, 525 pp, Hardcover, ISBN: 978-1-
4020-9236-7 [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-1-4020-9236-7    ]  

•    Volume 28 (2009): The Purple Phototrophic 
Bacteria , edited by C. Neil Hunter, Fevzi 
Daldal, Marion C. Thurnauer and J. Thomas 
Beatty, from UK, USA and Canada. Forty-
eight chapters, 1053 pp, Hardcover, ISBN: 
978-1-4020-8814-8 [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s / b o o k /
978-1-4020-8814-8    ]  

•    Volume 27 (2008): Sulfur Metabolism 
in Phototrophic Organisms , edited by 
Christiane Dahl, Rüdiger Hell, David Knaff 
and Thomas Leustek, from Germany and USA. 
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Twenty-four chapters, 551 pp, Hardcover, 
ISBN: 978-4020-6862-1 [  http://www.springer.
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Twenty-seven chapters, 575 pp, Softcover, 
ISBN: 978-1-4020-6570–6; Hardcover, ISBN: 
978-1-4020-4060-3 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-1-4020-4060-3    ]  

•    Volume 22 (2005): Photosystem II: The 
Light-Driven Water: Plastoquinone 
Oxidoreductase , edited by Thomas 
J. Wydrzynski and Kimiyuki Satoh, from 
Australia and Japan. Thirty-four chapters, 786 
pp, Hardcover, ISBN: 978-1-4020-4249-2 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4249-2    ]  

•    Volume 21 (2005): Photoprotection, 
Photoinhibition, Gene Regulation, and 
Environment , edited by Barbara Demmig-

Adams, William W. Adams III and Autar 
K. Mattoo, from USA. Twenty-one chapters, 
380 pp, Hardcover, ISBN: 978-14020-3564-7 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-3564-7    ]  

•    Volume 20 (2006): Discoveries in 
Photosynthesis , edited by Govindjee, 
J. Thomas Beatty, Howard Gest and John 
F. Allen, from USA, Canada and UK. One 
hundred and eleven chapters, 1304 pp, 
Hardcover, ISBN: 978-1-4020-3323-0 [  http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-1-4020-3323-0    ]  

•    Volume 19 (2004): Chlorophyll   a   Fluo-
rescence: A Signature of Photosynthesis , 
edited by George C. Papageorgiou and 
Govindjee, from Greece and USA. Thirty-
one chapters, 820 pp, Hardcover, ISBN: 
978-1-4020-3217-2 [  http://www.springer.com/
life+sciences/biochemistry+%26+biophysics/
book/978-1-4020-3217-2    ]  

•    Volume 18 (2005): Plant Respiration: From 
Cell to Ecosystem , edited by Hans Lambers 
and Miquel Ribas-Carbo, from Australia and 
Spain. Thirteen chapters, 250 pp, Hardcover, 
ISBN: 978-14020-3588-3 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-3588-3    ]  

•    Volume 17 (2004): Plant Mitochondria: 
From Genome to Function , edited by David 
Day, A. Harvey Millar and James Whelan, 
from Australia. Fourteen chapters, 325 pp, 
Hardcover, ISBN: 978-1-4020-2399-6 
[  http://www.springerlink.com/content/
978-1-7923-2399-6    ]  

•    Volume 16 (2004): Respiration in 
Archaea and Bacteria: Diversity of 
Prokaryotic Respiratory Systems , edited 
by Davide Zannoni, from Italy. Thirteen 
chapters, 310 pp, Hardcover, ISBN: 978-
14020-2002-5 [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-1-4020-2002-5    ]  

•    Volume 15 (2004): Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Electron Transport Carriers , edited by 
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Davide Zannoni, from Italy. Thirteen chapters, 
350 pp, Hardcover, ISBN: 978-1-4020-2001-8 
[  http://www.springer.com/life+sciences/
b i o c h e m i s t r y + % 2 6 + b i o p h y s i c s /
book/978-1-4020-2001-8    ]  

•    Volume 14 (2004): Photosynthesis in Algae , 
edited by Anthony W. Larkum, Susan Douglas 
and John A. Raven, from Australia, Canada 
and UK. Nineteen chapters, 500 pp, Hardcover, 
ISBN: 978-0-7923-6333-0 [  http://link.
springer.com/book/10.1007/978-94-007-
1038-2/page/1    ]  

•    Volume 13 (2003): Light-Harvesting 
Antennas in Photosynthesis , edited by 
Beverley R. Green and William W. Parson, 
from Canada and USA. Seventeen chapters, 
544 pp, Hardcover, ISBN: 978-07923-6335-4 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6335-
4?otherVersion=978-90-481-5468-5    ]  

•    Volume 12 (2003): Photosynthetic Nitrogen 
Assimilation and Associated Carbon and 
Respiratory Metabolism , edited by Christine 
H. Foyer and Graham Noctor, from UK and 
France. Sixteen chapters, 304 pp, Hardcover, 
ISBN: 978-07923-6336-1 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-6336-1    ]  

•    Volume 11 (2001): Regulation of 
Photosynthesis , edited by Eva-Mari Aro and 
Bertil Andersson, from Finland and Sweden. 
Thirty-two chapters, 640 pp, Hardcover, 
ISBN: 978-0-7923-6332-3 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-6332-3    ]  

•    Volume 10 (2001): Photosynthesis: 
Photobiochemistry and Photobiophysics , 
edited by Bacon Ke, from USA. Thirty-six 
chapters, 792 pp, Softcover, ISBN: 978-0-7923-
6791-8; Hardcover: ISBN: 978-0-7923-6334-7 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6334-7    ]  

•    Volume 9 (2000): Photosynthesis: Physio-
logy and Metabolism , edited by Richard 
C. Leegood, Thomas D. Sharkey and Susanne 
von Caemmerer, from UK, USA and Australia. 

Twenty-four chapters, 644 pp, Hardcover, 
ISBN: 978-07923-6143-5 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-0-7923-6143-5    ]  

•    Volume 8 (1999): The Photochemistry 
of Carotenoids , edited by Harry A. Frank, 
Andrew J. Young, George Britton and 
Richard J. Cogdell, from USA and UK. 
Twenty chapters, 420 pp, Hardcover, ISBN: 
978-0-7923-5942-5 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-0-7923-5942-5    ]  

•    Volume 7 (1998): The Molecular Biology of 
Chloroplasts and Mitochondria in  
 Chlamydomonas , edited by Jean David 
Rochaix, Michel Goldschmidt-Clermont and 
Sabeeha Merchant, from Switzerland and 
USA. Thirty-six chapters, 760 pp, Hardcover, 
ISBN: 978-0-7923-5174-0 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-5174-0    ]  

•    Volume 6 (1998): Lipids in Photosynthesis: 
Structure, Function and Genetics , edited 
by Paul-André Siegenthaler and Norio 
Murata, from Switzerland and Japan. Fifteen 
chapters, 332 pp, Hardcover, ISBN: 978-0-
7923-5173-3 [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-0-7923-5173-3    ]  

•    Volume 5 (1997): Photosynthesis and the 
Environment , edited by Neil R. Baker, from 
UK. Twenty chapters, 508 pp, Hardcover, 
ISBN: 978-07923-4316-5 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-4316-5    ]  

•    Volume 4 (1996): Oxygenic Photosynthesis: 
The Light Reactions , edited by Donald 
R. Ort and Charles F. Yocum, from USA. 
Thirty-four chapters, 696 pp, Softcover: ISBN: 
978-0-7923-3684–6; Hardcover, ISBN: 978-
0-7923-3683-9 [  http://www.springer.com/life+
sciences /p lant+sciences /book/978-0-
7923-3683-9    ]  

•    Volume 3 (1996): Biophysical Techniques in 
Photosynthesis , edited by Jan Amesz and 
Arnold J. Hoff, from The Netherlands. 
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Twenty-four chapters, 426 pp, Hardcover, 
ISBN: 978-0-7923-3642-6 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3642-6    ]  

•    Volume 2 (1995): Anoxygenic Photo-
synthetic Bacteria , edited by Robert 
E. Blankenship, Michael T. Madigan and Carl 
E. Bauer, from USA. Sixty-two chapters, 1331 
pp, Hardcover, ISBN: 978-0-7923-3682-8 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3681-5    ]  

•    Volume 1 (1994): The Molecular Biology of 
Cyanobacteria , edited by Donald R. Bryant, 
from USA. Twenty-eight chapters, 916 pp, 
Hardcover, ISBN: 978-1-4020-2400-9 [  http://
www.springerlink.com/content/978-1-4020-
2400-9    ]   

Further information on these books and 
ordering instructions can be found at <  http://
www.springer.com/series/5599    >. References 
to all chapters of volumes 1–31 can be found 
at <  http://www.life.illinois.edu/govindjee/g/
References.html    >. (For volumes 32–35, pdf 
fi les of the entire Front Matter are also avail-
able here.) 

 Special 25 % discounts are available to 
members of the International Society of 
Photosynthesis Research, ISPR <  http://
www.photosynthesisresearch.org/    >. See 
<  http://www.springer.com/ispr    >.  

    Future Advances in Photosynthesis 
and Respiration and Other Related 
Books 

 The readers of the current series are encour-
aged to watch for the publication of the 
forthcoming books (not necessarily arranged 
in the order of future appearance):

•    The Structural Basis of Biological Energy 
Generation (Editor: Martin Hohmann-
Marriott) [This book is almost ready to go to 
the typesetters]  

•   Canopy Photosynthesis: From Basics to 
Applications (Editors: Kouki Hikosaka, Ülo 
Niinemets and Niels P. R. Anten)  

•   Non-Photochemical Quenching (NPQ) and 
Energy Dissipation in Plants, Algae and 
Cyanobacteria (Editors: Barbara Demmig-
Adams, Győző Garab and Govindjee)  

•   Cytochrome Complexes: Evolution, Structures, 
Energy Transduction, and Signaling (Editors: 
William Cramer and Toivo Kallas)  

•   Photosynthesis for Bioenergy (Editors: 
Elizabeth A. Ainsworth and Stephen P. Long)    

 In addition to the above contracted books, 
the following topics are under consideration:

•    Algae, Cyanobacteria: Biofuel and Bioenergy  
•   Artifi cial Photosynthesis
• ATP Synthase  
•   Bacterial Respiration II  
•   Carotenoids II  
•   Cyanobacteria II  
•   Ecophysiology  
•   Evolution of Photosynthesis  
•   Global Aspects of Photosynthesis  
•   Green Bacteria and Heliobacteria  
•   Interactions between Photosynthesis and other 

Metabolic Processes  
•   Limits of Photosynthesis: Where do we go 

from here  
•   Photosynthesis, Biomass and Bioenergy  
•   Photosynthesis under Abiotic and Biotic 

Stress  
•   Plant Respiration II    

If you have any interest in editing/co-
editing any of the above listed books, or 
being an author, please send an e-mail to 
Tom Sharkey (tsharkey@msu.edu) and/or to 
Govindjee at gov@illinois.edu. Suggestions 
for additional topics are also welcome.  

 In view of the interdisciplinary character 
of research in photosynthesis and respira-
tion, it is our earnest hope that this series 
of books will be used in educating students 
and researchers not only in Plant Sciences, 
Molecular and Cell Biology, Integrative 
Biology, Biotechnology, Agricultural 
Sciences, Microbiology, Biochemistry, 
Chemical Biology, Biological Physics, and 
Biophysics, but also in Bioengineering, 
Chemistry, and Physics.  
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    Series Editors   

  Govindjee , who uses one name only, was 
born on October 24, 1932, in Allahabad, 
India. Since 1999, he has been Professor 
Emeritus of Biochemistry, Biophysics, and 
Plant Biology at the University of Illinois at 
Urbana-Champaign (UIUC), Urbana, IL, 
USA. He obtained his B.Sc. (Chemistry and 
Biology) and M.Sc. (Botany: Plant 
Physiology) in 1952 and 1954 from the 
University of Allahabad. Govindjee studied 
“Photosynthesis” at the UIUC under two 
pioneers of photosynthesis, Robert Emerson 
and Eugene Rabinowitch, obtaining his Ph.D. 
in 1960, in Biophysics. He is best known for 
his research on excitation energy transfer, 
light emission, primary photoche mistry, and 
electron transfer in “Photosystem II” (PS II, 
water-plastoquinone oxidoreductase). His 
early research included the disco very of a 

short-wavelength form of chlorophyll (Chl)  a  
functioning in the Chl  b -containing system, 
now called PS II; of the two-light effect in 
Chl  a  fl uorescence; and, with his wife Rajni, 
of the two-light effect (Emerson enhance-
ment) in NADP reduction in chloroplasts. 
His major achievements, with many col-
laborators, include an understanding 
of the basic relationships between Chl  a  
fl uorescence and photosynthetic reactions; a 
unique role of bicarbonate/carbonate on the 
electron acceptor side of PS II, particularly 
in the protonation events involving the Q B  
binding region in PSII; molecular under-
standing of thermoluminescence in plants, 
algae and cyanobacteria; the fi rst picosecond 
measurements on the primary photoche-
mistry of PS II; and the fi rst use of Chl 
a fl uorescence lifetime measurements in 

           
   The above photograph shows the 1965 Z-Scheme that Govindjee had made when he, with Eugene Rabinowitch, 
had coined the term P680 for the reaction center of Photosystem II. From left to right: Rebecca Slattery (a graduate 
student of Donald R. Ort), Robert Koester (a graduate student of Lisa Ainsworth), and Govindjee. Photo by Joan 
Huber taken in May, 2013. 
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understanding photoprotection, by plants 
and algae, against excess light. His current 
focus is on the “History of Photosynthesis 
Research,” on “Photosynthesis Education,” 
and on “What to Learn from Natural 
Photosynthesis to do Artifi cial Photo-
synthesis.” He has served on the faculty of 
the UIUC for approximately 40 years. 
Govindjee’s honors include: Fellow of the 
American Association of Advancement of 
Science (AAAS); Distinguished Lecturer of 
the School of Life Sciences, UIUC; Fellow 
and Lifetime Member of the National 
Academy of Sciences (India); President of 
the American Society for Photobiology 
(1980–1981); Fulbright Scholar (1956), 
Fulbright Senior Lecturer (1998) and 
Fulbright Specialist (2012); Honorary 
President of the 2004 International 
Photosynthesis Congress (Montréal, 
Canada); the fi rst recipient of the Lifetime 
Achievement Award of the Rebeiz 
Foundation for Basic Biology, 2006; 2007 
recipient of the Communication Award of 
the International Society of Photosynthesis 
Research (ISPR); 2008 recipient of the 
Liberal Arts & Sciences (LAS) Lifetime 
Achievement Award of the UIUC. Further, 
Govindjee was honored  (1)  in 2007, through 
two special volumes of  Photosynthesis 
Research , celebrating his 75th birthday and 
for his 50-year dedicated research in 

“Photosynthesis” (Guest Editor: Julian 
Eaton-Rye);  (2)  in 2008, through a special 
International Symposium on “Photosynthesis 
in a Global Perspective,” at the University of 
Indore, India;  (3)  in 2012, through dedica-
tion to him of volume 34 of this series, cele-
brating his 80th year;  (4)  in 2012, through 
another book  Photosynthesis: Overviews on 
Recent Progress and Future Perspectives , 
honoring him for  his outstanding research 
and teaching of photosynthesis and for being 
a global leader for stimulating photosyn-
thesis research throughout the world ; and  
(5)  in 2013, through two special volumes of 
 Photosynthesis Research , on “Photosyn-
thesis Education”, which also celebrates his 
80th birthday (Guest Editors: Suleyman 
Allakhverdiev; Jian-Ren Shen and Gerald 
Edwards). Govindjee is coauthor of  Photo-
synthesis  (John Wiley, 1969) and editor of 
many books, published by several publishers 
including Academic Press and Springer. 
Since 2007, each year Govindjee and 
Rajni Govindjee Award for Excellence in 
Biological Sciences is being given to gra-
duate students by the Department of Plant 
Biology at the UIUC. Starting in 2014, these 
awards will alternate between Department of 
Biochemistry (even years) and Department 
of Plant Biology (odd years). For further 
information on Govindjee, see his website 
  http://www.life.illinois.edu/govindjee    .  
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   Thomas D. (Tom) Sharkey  obtained his 
Bachelor’s degree in Biology in 1974 from 
Lyman Briggs College, a residential science 
college at Michigan State University, East 
Lansing, Michigan, USA. After 2 years as a 
research technician in the federally funded 
Plant Research Laboratory at Michigan State 
University under the mentorship of Prof. 
Klaus Raschke, Tom entered the Ph.D. pro-
gram in the same lab, and graduated in 1980. 
Postdoctoral research was carried out with 
Prof. Graham Farquhar at the Australian 
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 There is a general consensus in considering 
the use of fossil fuels (petroleum, natural gas 
and coal) as the cause of serious environ-
mental problems. Because the amount of 
energy derived from these fossil reserves is 
close to 80 % of the entire World’s energy 
consumption, there is a pressing need of new, 
non-polluting and renewable energy sources 
(Report of the International Energy Agency, 
2010). Although hydrogen (H 2 ) is not a pri-
mary energy source, it has been considered a 
promising alternative to fossil fuels. By defi -
nition, an energy source is such only if useful 
energy can be directly extracted or recovered 
from it; in this respect, H 2  is an “energy car-
rier” as it is derived from an energy reservoir 
and it can be used, like electricity, for the 
“transport” of energy from the production 
site to the sites of its use. The main conse-
quence of this feature is that hydrogen can be 
produced only by consuming primary energy 
sources, which at the moment are mainly 
fossil fuels. However, there are at least two 
properties making the use of hydrogen quite 
attractive, namely: its large presence in 
nature, even if usually linked with other 
atoms, e.g. with oxygen in water or with 
oxygen, carbon and other elements in organic 
compounds, and the possibility to use it 
without releasing pollutants or greenhouse 
gases (GHGs) in the atmosphere. Inte-
restingly, hydrogen can also be produced by 
exploiting the metabolic features of several 
microorganisms in a carbon neutral process 
that has been called “biological hydrogen 
production”. Bio-hydrogen production is 
also characterized by important advantages 
over the thermochemical and electrochemical 
techniques currently utilized or under study. 
Indeed, microbiological processes can pro-
duce hydrogen using renewable resources, in 
carbon neutral processes operating at room 
temperature and pressure, and with low envi-
ronmental impact. A negative aspect of the 

microbial hydrogen production in natural 
habitats is the fact that although a large 
number of bacteria, belonging to different 
taxonomic groups, possess the capability to 
produce hydrogen, free hydrogen of biologi-
cal origin can hardly be captured in nature 
because hydrogen-producing and hydrogen-
consuming microorganisms live in the same 
natural environments. 

 Bio-hydrogen production has been known 
for almost a century and research directed at 
applying this process to a practical means of 
hydrogen fuel production has been carried out 
for over a quarter of a century. A milestone in 
bio-hydrogen research was the observation by 
Hans Gaffron, while working at the University 
of Chicago in 1939, that algae can generate 
hydrogen by both fermentation and photo-
chemistry (H. Gaffron (1939) Reduction of 
CO 2  with H 2  in green plants.  Nature  143:204–
205). Ten years later, Gest and Kamen (H. 
Gest and M.D. Kamen (1949) Photoproduction 
of molecular hydrogen by  Rhodospirillum 
rubrum. Science  109: 558–559) discovered 
the light-dependent production of hydrogen in 
parallel to nitrogen fi xation by the facultative 
photosynthetic bacterium  Rhodospirillum 
rubrum . Notably, in “ Memoir of a 1949 rail-
way journey with photosynthetic bacteria ” 
(Photosynthesis Res 61: 91–96), H. Gest 
(1999) commented on this discovery as “ A 
serendipic observation at the Hopkins Marine 
Station of Stanford University in 1948 led to 
the discovery that anoxygenic photosynthetic 
bacteria can fi x molecular nitrogen … and 
generate hydrogen ”. One of us (Zannoni D), 
while working as an associate researcher at 
the St. Louis University Medical School in 
1978, was fortunate enough to have known 
personally H. Gest, Professor of Microbiology 
at the University of Bloomington (Indiana). 
He remembers that they had a long discussion 
on the way to defi ne what it is now recog-
nized as the “accessory oxidant-dependent 
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fermentation in photosynthetic bacteria” 
(See:  The Photo trophic Bacteria: Anaerobic 
Life in the Light , J.G. Ormerod Ed., 1983, vol 
4, University of California Press, Blackwell 
Sc. Pub.). Enormous advances have been 
made since then on genetics, biochemistry, 
and biotechnological applications of photo-
synthetic bacteria and the present book, 
 entitled  Microbial Bio Energy: Hydrogen 
Production  is a compendium overviewing 
most of the processes important for the micro-
bial hydrogen production including bacterial 
hydrogen photo-generation. 

 The book begins with a chapter on bio-
energy from microorganisms describing 
some of the challenges in meeting future 
energy needs in order to address climate 
changes through the development of bioen-
ergy (Chap.   1    ). Critical factors in mature 
technologies and future directions in nascent 
technologies are also reviewed. The volume 
includes a section (Chaps.   2    ,   3    ,   4    , and   5    ) cov-
ering structural, molecular, and functional 
aspects of hydrogenases as effi cient biologi-
cal catalysts for the production of molecular 
hydrogen and, consequently, its oxidation a 
way to get rid of the excess reducing power 
in cyanobacteria and green algae. As cyano-
bacteria are unique organisms that accom-
modate both oxygenic photosynthesis and 
nitrogen fi xation, they are extensively 
 covered in Chap.   6     with respect to their pro-
duction of ammonium concomitantly with 
hydrogen formation. Solar energy is also used 
by photosynthetic purple non-sulfur bacteria 
to generate hydrogen gas from organic 
sources via the enzyme nitrogenase. Chapter   7     
focuses on the advances that have been 
made in hydrogen generation through the use 
of systems biology approaches such as 
genomics, transcriptomics and  13 C-fl uxomics 
in  Rhodopseudomonas palustris  CGA009. 
Chapters   8     and   9     cover two emerging research 
fi elds in hydrogen production: the use of 
thermophilic and hyperthermophilic micro-
organisms of the genera  Caldicellulosiruptor  
and  Thermotoga . As these genera utilize an 
extraordinary array of substrates that are 
converted by dark-fermentation to hydrogen 
at effi ciencies approaching the “Thauer 
limit” of 4 mol H 2 /mol glucose, the availabil-

ity of several genome sequences and their 
metabolic features open new perspectives for 
biohydrogen generation. Bioelectrochemical 
systems coupled to indirect hydrogen pro-
duction are reviewed in Chap.   8    . These sys-
tems are not subjected to the hydrogen yield 
constraints and have been proven to work 
with any biodegradable organic substrate. 
Chapters   11    ,   12    ,   13    , and   14     are mostly dedi-
cated to photobioreactors using purple non-
sulfur bacteria and microalgae. This section 
of the book examines in detail how hydrogen 
production depends on various kinds of 
organic wastes, on the photosynthetic effi -
ciency and light distribution. The basic prin-
ciples for designing photobioreactors in 
mass culture for biofuel are also examined 
along with the advantages and limitations of 
immobilized cell-systems for hydrogen pho-
toproduction. The volume ends with a chap-
ter (Chap.   15    ) dealing with the unconventional 
concept that if hydrogen is used as an energy 
carrier, there are consistent benefi ts to be 
expected, depending on how hydrogen is 
generated. The existing technical problems 
lying ahead for the creation of an apparent 
“Hydrogen Based Society” are examined 
and it is concluded that they will be solved 
within a reasonable period of time. 

 Following the suggestion of the Series 
editors, Govindjee and Tom Sharkey, we 
are deeply honored to dedicate this book to 
Hans Gaffron (1902–1979) and Howard Gest 
(1921–2012). 

  Davide Zannoni  
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50144 Firenze ,  Italy 
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biofi lm formation, alkane and naphthenic 
acid degradation by  Rhodococcus  spp., the 
use of microbial biofi lms as electricity-
producing systems, and, fi nally, bio-hydrogen 
anaerobic production by  Thermotoga.  
Zannoni’s pioneering work on hydrogen 
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is presently acting as a Coordinator of the 
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Biotechnology at the Department of 
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is, at the same time, an Associate Researcher 
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Summary

Some of the challenges in meeting future energy needs and addressing climate change will 
need to be met through the development of bioenergy. The power and diversity of microbial 
metabolism, coupled with metabolic engineering and synthetic biology, can be used to pro-
duce a panoply of different biofuels from a variety of possible substrates. Here some of the 
underlying principles involved and an overview of the different production pathways under 
development are discussed. Critical factors in mature technologies and future directions in 
nascent technologies are reviewed.
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I. Climate Change and Future Energy 
Challenges

There can be little doubt that unprece-
dented climate change brought about by 
global warming due to excessive fossil 
fuel combustion is upon us. The recent 
increase in extreme weather events shows 
that noticeable changes in weather patterns 
are already here and thus this is not a prob-
lem for the future, distant or near, but one 
with which we must already cope. Although 
a variety of factors have increased atmo-
spheric forcing over the millennia, includ-
ing a considerable atmospheric CO2 burden 
due to ancient prehistoric and early his-
toric land clearing, this has greatly accel-
erated with industrialization and the 
development of fossil fuels as the primary 
energy source to drive this. At the same 
time, industrialization has created the 
modern world with greatly increased per 
capita GDP in the developed countries 
(OECD). Thus, at present energy use is 
intimately tied to per capita income levels 
while at the same time at the root of disas-
trous climate change effects. Of course, 
this dichotomy creates great resistance to 
changes in energy use policy as these are 
seen as directly affecting either the present 
high standard of living in the OECD, or the 
chance for developing countries to achieve 
a like life style.

A. The Scope of the Problem

It is certain that future energy demand (and 
use) will grow, inexorably driven by two 
compounding factors, population growth 
and growth in per capita energy usage. 

Growth in per capita energy usage is essen-
tially due to income growth, as the “have 
nots” strive to achieve life style parity with 
the “haves”. In fact, income growth and pop-
ulation growth have been considered the 
most powerful forces behind increasing 
energy demand. While world population has 
increased fourfold since 1900, over the same 
time period real income increased by a factor 
of 25 driving a 22.5-fold increase in energy 
consumption (BP 2011). This trend is obvi-
ously set to continue with world population 
widely believed to reach nine billion by 2050 
(8.45 billion by 2035), fueled by an average 
annual growth rate close to 1 % (DOE 
International Energy Outlook 2011). As 
well, GDP is predicted to increase at an 
annual rate of 3.2 % at the same time (IEA 
World Energy Outlook 2010), effectively 
raising average incomes.

A very useful way to look at the compo-
nent driving forces behind global carbon 
emission, broken down into four major fac-
tors, is given by the Kaya Identity (Yamaji 
et al. 1991):

 CO =P GDP/P
E/GDP CO /E

2

2

×( )
×( )×( )

 
(1.1)

Thus, total anthropogenic carbon emis-
sions can be seen as a function of the total 
population (P), individual consumption 
(GDP/P, gross domestic product consumed 
per person), essentially individual income, 
the energy intensity of production (E/GDP), 
and the carbon intensity of energy use 
(CO2/E).

However, in reality only two of these fac-
tors are amenable to manipulation to slow or 
stabilize total CO2 emissions since changing 
the population growth rate has proven an 
intractable problem, and decreasing, or even 
stabilizing economic output (GDP) would 
directly impact average incomes, contrary to 
the economic policy of any government. The 
energy intensity of production can be 
decreased somewhat through efficiency mea-
sures, but this is relatively inflexible. A sig-
nificant factor in energy intensity of 
production, at least on a regional level, is the 

Abbreviations: CBP  – Consolidated bioprocessing; 
DOE – Department of Energy; Fd – Ferredoxin; 
GDP – Gross Domestic Product; IEA – International 
Energy Agency; IPCC – Intergovernmental Panel on 
Climate Change; MEC – Microbial electrolysis cell; 
MFC – Microbial fuel cell; NFO – NADH:ferredoxin 
oxidoreductase; OECD – Organisation for Economic 
Cooperation and Development; PFL – Pyruvate:formate 
lyase; PFO – Pyruvate:ferredoxin oxidoreductase
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mix of industries/services that form the eco-
nomic base. As OECD countries have 
switched to more of service economies, 
energy intensities in those countries steadily 
declined. However, this was not a really a sav-
ings in global carbon emissions, merely an 
“outsourcing” of emissions to countries like 
China as manufacturing to satisfy consumer 
appetites in OECD countries shifted overseas. 
Thus, although global emissions were rising 
at about 1 % up to 2000, since then global 
emissions have been increasing at ~3.2 % per 
year (Raupach et al. 2007). This means that 
the world is on track to surpass even the most 
pessimistic IPCC (Intergovernmental Panel 
on Climate Change) emissions scenario 
(WMO 2012).

One goal that has been adopted in princi-
ple, although the policy changes needed to 
put this in practice have not been made, is to 
prevent the mean global temperature increase 
from surpassing 2 °C above preindustrial 
levels. It is thought that this requires limiting 
atmospheric CO2 levels to 450 ppm. Under 
present policies, basically BAU (Business As 
Usual), we will go well beyond this as 
demand for total energy, and consequently 
emissions, more than doubling by 2050. 
Indeed, we very well might have to confront 
a world where mean global temperatures 
have risen more than 4 °C, with largely 
unknowable, but assuredly drastic effects 
(New et al. 2011). The challenges to be met 
in response to the ever increasing demand 
for energy are enormous. This can be seen by 
regarding present energy producing infra-
structure, “steel in the ground”. Existing fos-
sil fuel plants in themselves commit us to 
enough future carbon dioxide emissions to 
nearly reach the 450 ppm cut-off proposed 
by many (Davis et al. 2010; Hoffert 2010). In 
other words, in order to realistically reach a 
goal set by many, we will need to have a 
complete moratorium on the construction of 
new fossil fuel burning power plants. 
Obviously, this is a scenario that is com-
pletely unacceptable to all,  especially the 
developing countries, where new economic 
growth is so tightly tied to bringing online 
more power. In fact, considerations of global 

energy equity suggest that they should not 
be asked to do so (see below).

In fact, any scenario for reducing the 
growth in carbon emissions requires the 
decarbonisation of energy production, i.e. 
reducing the CO2/E term in Eq. 1.1. Thus, the 
introduction of carbon neutral fuels is 
required, and the more the better, considering 
the amount of new energy that will be needed 
under almost any future global energy sce-
nario. It has been estimated that even in an 
optimistic scenario where there are substan-
tial changes in energy intensity of produc-
tion, maintaining economic growth while 
remaining at 450 ppm will require the intro-
duction of 30 terawatts of carbon neutral fuel 
by 2050 (Hoffert 2010). Indeed, just getting 
to 1 terawatt of carbon neutral fuel has been 
called the “one terawatt challenge”.

B. Global Energy Equity and Energy Justice

Another important factor in considering 
present and future energy production/con-
sumption is energy equity. In 2011, the 
OECD countries accounted for only 18 % 
world’s population, while non-OECD coun-
tries represented 82 %. Even though growth 
in carbon emissions is much faster in non- 
OECD as these countries strive to increase 
per capita income, and as they take on some 
of the carbon emissions out-sourced from 
OECD countries, they still only account for 
about a share of emissions that equals that of 
the OECD. In order to examine questions of 
global energy equity and energy justice one 
needs to look on a per capita basis at the 
regional emissions that are behind the global 
figures. In other words, energy usage is very 
unevenly distributed when measures such as 
per capita emissions and per capita energy 
consumption are examined. By these mea-
sures, countries like the USA (per capita 
energy usage 10.2 kW, per capita emissions, 
5.5 t C/y) truly stand out compared with the 
poorest developing countries (per capita 
energy usage 0.11 kW, per capita emissions, 
0.06 t C/y) (Raupach et al. 2007). Thus, one 
could argue that the OECD countries bear by 
far the largest burden in dealing with global 

1 Microbial Bioenergy
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warming and carbon emissions. This is espe-
cially true if one takes into account “legacy 
carbon emissions”, since if one totals the 
emissions since the beginning of the indus-
trial revolution, the OECD countries have 
contributed 77 % of the present excess atmo-
spheric carbon dioxide. Thus, there are many 
questions surrounding future energy sup-
plies and climate change which, although 
they should be framed in terms of scientific 
knowledge and informed projections, lie 
more in the realm of politics and public pol-
icy (Hallenbeck 2012a). In what follows we 
examine a small focused area in what is one 
of the major challenges presently facing 
humankind, how can microbes be used to 
make carbon neutral replacement fuels. 
Here, many recent scientific studies have 
shown that there is a great deal that can be 
done with either existing organisms, or 
 modified ones, to potentially produce true 
sustainable, renewable fuels.

II. A Wide Variety of Biofuels

A. First Generation Biofuels

Biofuels production is already at large scale, 
primarily to supply the transportation sector, 
which relies almost exclusively (97 %) on 
the use of liquid fossil fuels. Moreover, this 
is an important target area since it is second 
only to the industrial sector in current and 
projected total fossil fuel consumption. In 
addition, while stationary power consump-
tion is largely indifferent to the form of the 
energy carrier, mobile use requires a fuel 
source that can be stored on board at a suffi-
ciently high energy density. Thus it is 
 perceived to be critically important to par-
tially or completely replace presently used 
carburants, gasoline or diesel, with a renew-
able energy carrier. Biofuel production has 
greatly increased worldwide, mostly driven 
by adopted government policies in the forms 
of incentives; subsidies and alternative fuel 
mandates. Thus, first generation biofuels 
(Table 1.1) are already being produced at 
large scale, with worldwide production of 

ethanol and biodiesel of 50 billion and 9 
billion liters respectively in 2007. However, 
there are a number of problems with these 
first generation biofuels. First, it has become 
obvious that these first generation biofuels 
technologies are of questionable sustainabil-
ity, and that in the long term it is untenable to 
produce biofuels in competition with food 
crops (Cassman and Liska 2007; Waldrop 
2007; Scharlemann and Laurance 2008; 
Tollefson 2008; Tilman et al. 2009). 
Secondly, it can be questioned if the biofuels 
presently under commercial production, bio-
ethanol and biodiesel, are ultimately the best 
biofuels since they have a number of unde-
sirable characteristics (Keasling and Chou 
2008). Thus, there is a need to go beyond 
these first generation biofuels, both in what 
substrates are used and, ultimately, in what 
products are made.

B. Beyond First Generation Biofuels

A number of methodologies, variably called 
synthetic biology or Metabolic engineering, 
provide powerful techniques that could be 
applied to various aspects of the biofuels 
problem (Fig. 1.1). These include genetic 
engineering, what are basically relatively 
simple changes made through simple gene 
knockouts, or small additions of heterolo-
gous DNA, to much more involved and com-
plicated changes brought about by importing 
entire metabolic pathways, directed evolu-
tion, or genome shuffling. The production of 
a biofuel can be divided into two basic 
stages; substrate conversion to key metabolic 
intermediates, and conversion of these meta-
bolic intermediates into a biofuel. Metabolic 
engineering could usefully impact each of 
these areas in several ways (Fig. 1.1).

1. Molecular Engineering for the 
Deconstruction of Lignocellulosic Biomass

To begin with, the production of large quan-
tities of biofuels without seriously impacting 
the world food supply requires the ability to 
utilize biomass resources with their poten-
tially substantial quantities of energy stored 

Patrick C. Hallenbeck
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in lignocellulosic compounds (Sagar and 
Kartha 2007; Field et al. 2008; Martindale 
and Trewavas 2008; Tilman et al. 2009). At 
present, no organism is known that is both 
capable of effective lignocellulose decon-
struction and the efficient conversion of 
the resulting five and six carbon sugars into 
the key metabolic intermediates found in the 
central metabolic pathways.

The capacity to directly degrade cellulosic 
materials into fermentable monomers, a pro-
cess called lignocellulosic, occurs naturally 
in a few organisms, but Metabolic engineer-
ing could be used to transfer this ability to 
other organisms (Fig. 1.1). However, the 
capacity to use the wide variety of hexose 
and pentose sugars resulting from the hydro-
lysis of such complex substrates would also 
be required and this ability does not neces-
sarily reside in organisms that carryout rapid 
high yielding fermentations. Thus, Metabolic 
engineering could also be applied to modify 
a strong fermenter such that it is able to use a 
wider range of substrates, or to increase the 
fermentative powers of an organism with an 

omnivorous appetite (Ghosh and Hallenbeck 
2009, 2010, 2012).

Although various waste streams can and 
should be targeted for conversion to biofuels 
as these represent readily available substrates 
that are free or low cost and require treat-
ment anyway, to achieve the scale needed for 
significant biofuels production the use of lig-
nocellulosic containing biomass will be nec-
essary. However, effective deconstruction of 
these materials has proven problematic 
despite some years of concerted effort due to 
the almost crystalline state of the cellulose 
component and the intractability of the lig-
nin (Field et al. 2008; Tilman et al. 2009; 
Sims et al. 2010; Hallenbeck et al. 2011). 
Different strategies have been developed in 
response to this problem (Table 1.2) (Lynd 
et al. 2002; Hallenbeck et al. 2011). The 
most technologically advanced process, 
already near commercial scale, involves 
physical/chemical pretreatment followed by 
the addition of the various enzymes required 
for depolymerization to monomers. However, 
in reality this involves the addition of 

Table 1.1. Comparison of different strategies for lignocellulosic deconstruction.
Process Possible advantages Possible disadvantages

Separate hydrolysis  
and fermentation

Reactor size and operating  
conditions easily optimized

Enzyme specificity and efficiency 
can be adjusted to substrate

Newly discovered or engineered 
enzymes easily incorporated

Costly enzyme production
Enzymes need to be cloned from different 

organisms
Two stage system required increasing  

operational costs and complexity

Native consolidated 
bioprocessing

Direct conversion of cellulose to 
biofuel possible

Optimal temperatures for cellulose degradation 
and fermentation may be different

Single stage process; simple 
facility, easy operation

Low rates and yields of useful products by 
native organism

Avoidance of inhibition of  
cellulose degradation by 
monomers

Low titers of active enzymes due to inefficient 
anaerobic growth

Uses existing metabolic 
machinery

Engineered consolidated 
bioprocessing

Optimal cellulose degradative 
capacity in efficient fermenter

Need for complex Metabolic engineering, 
expression of multiple components

Single stage process May lack synergistic factors found in native 
organismCost-effective production of 

cellulases
Designer cellulosomes can be 

fabricated

Adapted from Hallenbeck et al. (2011)

1 Microbial Bioenergy
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 prodigious amounts of enzymes which must 
therefore be prepared at very large scale. The 
costly economics of this is presently the lim-
iting factor in applying this strategy. Another 
possibility is to use the natural ability of 
some organisms to simultaneously carryout 
cellulose saccharification and fermentation. 
They are able to do this since they naturally 
produce the required enzymes in a very 
large extracellular macromolecular complex 
called a cellulosome that anchors them 
directly to the lignocellulosic substrate. This 
combination of all the required processes in 
one step is called consolidated bioprocessing 
(CBP), a technology which could potentially 
dramatically reduce the cost of biofuels pro-
duction. Some of the advantages and disad-

vantages of natural CBP for biofuels 
production are given in Table 1.2. However, 
unfortunately, the known organisms that are 
capable of CBP are probably not suitable for 
industrial-scale biofuels production since the 
rates and yields of suitable products are too 
low. In addition, they are not known to pro-
duce the desired drop-in biofuels.

Although some of these problems might be 
rectified by Metabolic engineering, attention 
has turned towards bringing this capability to 
efficient fermenters using different Metabolic 
engineering strategies. This could lead to a 
process with a number of advantages over the 
processes already developed (Table 1.2). The 
approaches under study vary from attempts to 
express foreign cellulases to creating organ-

Fig. 1.1. Different possible roles for Metabolic engineering in biofuels production. There are a number of ways in 
which Metabolic engineering can be used to expand biofuels production going beyond first generation biofuels. 
First, Metabolic engineering can potentially be used in the substrate conversion stage to create organisms with 
newly abilities to degrade complex lignocellulosic substrates, by far the largest substrate pool available from 
non-food biomass. In addition, organisms with existing strong downstream capabilities can have their substrate 
range extended to include the capacity to use the pentoses and hexoses derived from lignocellulosic substrates. 
These strategies expand substrate conversion to key metabolic intermediates. Secondly, the conversion of these 
key intermediates to biofuels can be modified in two distinct ways. The production of a biofuel that is normally 
made by an organism can be augmented by changes in existing pathways, creating increased flux to the desired 
biofuel. This can be either through changes causing increased activity in the relevant pathway or by decreasing 
flux into non biofuel pathways. Another additional strategy is to engineer in novel enzymes and pathways which 
enable the organism to produce novel biofuels (Taken from Hallenbeck 2012b).

Patrick C. Hallenbeck
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isms with artificial minicellulosomes. The 
success of displaying a functional minicellu-
losome on the surface of an organism that 
already produces high titers of a biofuel would 
lead the way to achieving a truly industrially 
relevant CBP microorganism.

Lignocellulose deconstruction will of 
course give a complex mixture of five and 
six carbon sugars, principally glucose and 
xylose. For the successful fermentation of this 
complex mixture to a biofuel to be successful, 
the microbial strain must be capable of using 

the majority of the fermentable substrate 
available. However, the majority of the 
mainstream organisms presently used 
industrially cannot. These organisms meet 
most of the criteria for successful biofuel 
(ethanol) fermentation (Table 1.3), and 
much experience has already been gained 
with them on large scale fermentations. 
Thus, this is a fruitful area for the applica-
tion of Metabolic engineering and some 
effort has already gone into creating deriva-
tives of these strains that are capable of 

Table 1.2. Comparison of different strategies for lignocellulosic deconstruction.

Process Possible advantages Possible disadvantages

Separate hydrolysis 
and fermentation

Reactor size and operating conditions 
easily optimized

Enzyme specificity and efficiency can 
be adjusted to substrate

Newly discovered or engineered 
enzymes easily incorporated

Costly enzyme production
Enzymes need to be cloned from different 

organisms
Two stage system required increasing  

operational costs and complexity

Native consolidated 
bioprocessing

Direct conversion of cellulose to biofuel 
possible

Optimal temperatures for cellulose degradation 
and fermentation may be different

Single stage process; simple facility, 
easy operation

Low rates and yields of useful products by 
native organism

Avoidance of inhibition of cellulose 
degradation by monomers

Low titers of active enzymes due to inefficient 
anaerobic growth

Uses existing metabolic machinery
Engineered 

consolidated 
bioprocessing

Optimal cellulose degradative capacity 
in efficient fermenter

Need for complex Metabolic engineering, 
expression of multiple components

Single stage process May lack synergistic factors found in native 
organismCost-effective production of cellulases

Designer cellulosomes can be fabricated

Adapted from Hallenbeck et al. (2011)

Table 1.3. Characteristics of an ideal biofuels producer.

Required characteristics
Yields High >90 %
Productivity High reduce capitol and energy inputs
Tolerance to product High achieve high titers
Robustness Tolerance to inhibitory substances in crude substrates
Ease of growth Minimal, inexpensive growth factor requirement

Desirable characteristics
Cell yield Low, avoid disposal problem

GRAS (generally regarded as safe) Avoid regulatory complications or need for post- production 
sterilization

Adapted from Hallenbeck et al. (2011)

1 Microbial Bioenergy
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degrading the relevant pentoses and hexoses 
(Ghosh and Hallenbeck 2012).

2. Molecular Engineering for Biofuels 
Production

A large number of different biofuels are being 
investigated for use as mobile energy carriers 
(Atsumi and Liao 2008; Atsumi et al. 2008a, b, 
2010; Connor and Liao 2008; Keasling 
and Chou 2008; Lee et al. 2008; Steen et al. 
2008, 2010; Stephanopoulos 2008; Wackett 
2008; Yan and Liao 2009; Dellomonaco et al. 
2010). In these microbial based processes, 
monomers, ideally derived from deconstructed 
lignocellulosic biomass, are converted through 
central metabolic pathways to common meta-
bolic intermediates which then can follow a 
number of metabolic pathways to produce a 
large variety of potentially useful compounds. 
This can be done either using traditional 
fermentation pathways, suitably modified to 
increase the rate and yield of biofuels produc-
tion, or by tapping into pathways normally 
used for biosynthesis to channel metabolites 
into a variety of novel molecules of possible 
interest as biofuels (Fig. 1.2).

Alternative fuels that are currently being 
investigated include: bioethanol, biobutanol, 
longer-chain alcohols, biohydrogen, and 
fatty acid derivatives such as biodiesels and 
alkanes. Many of these potential fuel com-
pounds have a number of advantages over 
bioethanol as an alternative fuel. These 
include having a higher energy density, 
closer to that of gasoline, being less corro-
sive, thus adapted to current infrastructure, 
being less volatile, and, finally, having the 
capability of being used in existing internal 
combustion engines without dilution. 
However, Metabolic engineering is neces-
sary since microorganisms do not naturally 
produce these compounds in high quantities. 
A successful strategy will give a strain capa-
ble of the efficient and economical biocon-
version of non-food feedstocks to biofuels at 
high rates and near stoichiometric yields.

How the first stage of a biofuels  production 
process might be improved was discussed 
above. Once the pentoses and hexoses enter 

central metabolic pathways, key metabolic 
intermediates will be formed that could be 
used in one of two ways to generate mole-
cules suitable for fuel use (Fig. 1.1). 
Metabolic engineering can be used to 
increase flux through an existing pathway 
thus increasing rates and yields of a naturally 
occurring metabolite that can serve as a bio-
fuel; ethanol, butanol, and hydrogen. This 
can be achieved by blocking alternate path-
ways that channel metabolic flux into unde-
sirable side products, or increasing the levels 
of key enzymes in the desired pathway.

Many studies have shown that novel 
 biofuels can be made by the addition of for-
eign enzymes and pathways (Fig. 1.2). 
Thus, suitably modified E. coli has been 
shown to make isopropanol (Atsumi et al. 

Fig. 1.2. A wide variety of possible biofuels can be 
made. The production of many different biofuels is 
possible using microbial metabolic capabilities. Some 
products can be made through traditional fermenta-
tion, with suitable modifications to increase yields and 
rates (solid outlines). In addition, existing biosynthetic 
pathways can be changed to make a variety of novel 
biofuels (dashed outlines). Pathways and products 
shown have already been experimentally demonstrated 
with Escherichia coli (Taken from Hallenbeck 2012b).

Patrick C. Hallenbeck



11

2008b), n-butanol (Atsumi and Liao 2008; 
Inui et al. 2008) or even isobutanol (Atsumi 
et al. 2010). The keto-acid pathways nor-
mally functioning in the biosynthesis of the 
amino acids threonine and norvaline have 
successfully been subverted for the produc-
tion of a variety of butanol derivatives 
(Atsumi and Liao 2008; Connor and Liao 
2008; Shen and Liao 2008). Likewise, ter-
penoid biosynthetic pathways can be suc-
cessfully changed to produce a variety of 
compounds that could potentially be used 
as biofuels (Fortman et al. 2008; Rude and 
Schirmer 2009). The fatty acid biosynthe-
sis pathways, normally used by the organ-
ism to make lipids using acetyl-CoA as 
precursor, can be adapted for the produc-
tion of a variety of fatty acid ethyl esters 
(biodiesel) and alkanes and alkenes (Steen 
et al. 2010).

III. The Microbial Production  
of Hydrogen

Of all the possible biofuels, hydrogen has 
some unique advantages, but also has some 
drawbacks. On the positive side, hydrogen 
has the highest gravimetric energy density of 
any fuel. On the other hand, it has the lowest 
volumetric density, rasing serious challenges 
for storage, particularly for mobile uses. 
Hydrogen can be converted to mechanical 
energy with much greater efficiency since it 
can be used in fuel cells at about twice the 
efficiency of combustion in an internal com-
bustion engine. While all biofuels are poten-
tially carbon neutral since they are made 
from feedstocks produced by recent carbon 
dioxide fixation, hydrogen as a fuel offers 
some unique opportunities. For one thing, 
hydrogen can be produced by biophotolysis 
(see below), a carbon independent pathway. 
In common with other biofuels, hydrogen 
can be produced by other means using bio-
mass derived substrates. However, unlike 
other biofuels with which CO2 is emitted 
when they are combusted, with hydrogen 
production CO2 is emitted during produc-
tion, thus allowing easy capture and possible 

sequestration. Finally, combustion of hydrogen 
is cleaner than the combustion of other bio-
fuels some of which emit pollutants that can 
be harmful to the health as well as the envi-
ronment, for example combustion of ethanol 
can give significant amounts of acetaldehyde.

A. Modes of Biological 
Hydrogen Production

Hydrogen is an important metabolic inter-
mediate or end product in a number of dif-
ferent microbial metabolisms. Consequently, 
there are a number of distinct ways in which 
hydrogen can be produced (Fig. 1.3). Each 
has its own particular advantages as well 
as challenges for practical application 
(Table 1.4). There are basically two differ-
ent light dependent processes, one of which, 
biophotolysis, uses the captured solar 
energy to drive water-splitting photosynthe-
sis and derive hydrogen from the high 
energy electrons created. The second 
approach,  photofermentation, harnesses the 
capacity of bacterial-type photosynthesis to 
use the captured light energy to carry out 
what would otherwise be thermodynami-
cally unfavorable hydrogen production 
from some substrates (organic acids). Dark 
fermentative hydrogen production uses the 
natural ability of some organisms to evolve 
hydrogen as an end product to rid them-
selves of excess electrons generated during 
anaerobic metabolism. Finally, microbial 
electrolysis uses the natural ability of some 
microbes to respire anaerobically with an 
external electrode as terminal electron 
acceptor. Addition of some voltage to the 
current thus generated allows hydrogen 
evolution at the cathode.

1. Light Driven Biohydrogen Production

A very large amount of free energy is avail-
able in the annual solar flux and two different 
biological processes are being studied for the 
conversion of captured solar energy to hydro-
gen (Hallenbeck and Benemann 2002; 
Ghirardi et al. 2009; Ghirardi and Mohanty 
2010; Hallenbeck 2011).
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Fig. 1.3. Basic biological hydrogen production technologies. The four basic types of hydrogen producing systems 
are shown. There are two light-dependent processes, biophotolysis and photofermentation. These are carried 
out by two different types of organisms. Biophotolysis is possible with organisms, green algae and cyanobac-
teria, which have plant type photosynthesis and thus use water as a substrate. Photofermentation is carried out 
by photosynthetic bacteria which only possess a single photosystem and thus cannot split water, using organic 
compounds as electron donor instead. Dark fermentation involves different bacteria with different metabolic 
pathways which are capable of the anaerobic breakdown of organic compounds, in particular sugars, to produce 
hydrogen and a variety of side products, organic acids and alcohols. In MECs, the anode plays a critical role, 
accepting electrons coming from the anaerobic respiratory activity of microbes that are capable of interacting 
with external electron acceptors. Addition of complementary voltage allows hydrogen evolution at the electrode.
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a. Biophotolysis

In the most attractive system, biophotolysis, 
solar energy would be captured and used to 
decompose water, an abundant substrate, to 
hydrogen and oxygen. Actually, this type of 
process can be of two types, direct and indirect 
biophotolysis. In direct biophotolysis, elec-
trons coming from the water splitting reaction 
are boosted by photosystem II (PSII) and pho-
tosystem I (PSI) to reduce ferredoxin which in 
turn directly reduces a hydrogen evolving 
enzyme. In indirect biophotolysis, some form 
of carbohydrate is produced from the reduced 
ferredoxin and this serves as a chemical energy 
carrier between the water-splitting photosyn-
thetic reaction and the hydrogen producing 
reaction. Systems that are based on biophotol-
ysis can potentially involve the basically 
incompatible reactions of simultaneous oxy-
gen evolution while reducing protons with an 
oxygen sensitive enzyme. Thus, in indirect 
biophotolysis these two reactions can be 
separated in time and/or space. Two types of 
systems where the mechanism of hydrogen 
evolution is different have been investigated; 
hydrogen production by heterocystous cyano-
bacteria, and hydrogen production by green 
algae, principally sulphur-deprived cultures of 
the green alga, Chlamydomonas.

H2 production by cyanobacteria. Two dif-
ferent types of cyanobacteria, prokaryotes 

capable of oxygenic photosynthesis, are 
known to evolve hydrogen. The enzyme 
responsible for the majority of cyanobacte-
rial hydrogen production is nitrogenase, 
which in the absence of other reducible 
 substrates continues to turnover, reducing 
protons to hydrogen in a relatively slow reac-
tion (6.4 s−1) which also requires substantial 
energy input (2 ATP/e−; 4 ATP/H2). One 
group of cyanobacteria grow in filaments 
and differentiate specialized cells called het-
erocysts under conditions of nitrogen limita-
tion (Kumar et al. 2010; Mariscal and Flores 
2010). Heterocysts provide a microaerobic 
environment which allows the oxygen sensi-
tive nitrogen fixation process to take place in 
the midst of environment supersaturated 
with oxygen. Heterocysts do not express 
photosystem II and therefore do not split 
water and evolve oxygen. They also cannot 
fix carbon dioxide since they lack the Calvin-
Benson- Bassham cycle and therefore depend 
upon fixed carbon imported from neighbor-
ing vegetative cells. The imported sucrose is 
metabolized in the heterocyst through the 
oxidative pentose pathway (Summers et al. 
1995; Lopez et al. 2010).

Since hydrogen production in the hetero-
cysts depends upon sucrose which was pro-
duced in the adjacent vegetative cells, this is 
in fact indirect biophotolysis on a micro-
scopic scale, which reduces the maximal 

Table 1.4. Comparison of biohydrogen production technologies.

Method Advantages Disadvantages

Biophotolysis Abundant substrate: water Low light conversion efficiencies
Simple products: H2, O2 Oxygen sensitive H2ase

Expensive photobioreactors
Photofermentation Complete conversion of organic acid  

wastes to H2, CO2

Possible waste treatment credits

Low light conversion efficiencies
High energy demand by N2ase
Expensive photobioreactors

Dark fermentation No direct solar input needed Incomplete substrate degradation
Variety of waste streams can be used Low H2 yields

Simple reactor technology
Microbial electrolysis Complete conversion of organic compounds, 

sugars and acids, to H2 and CO2

Low charge densities

Potential waste treatment credits Expensive cathodes

High energy input required for high rates 
and yields
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theoretical conversion efficiency (see below). 
However, this system is inherently robust 
and hence has been extensively studied for 
over three and a half decades (Benemann and 
Weare 1974; Weissman and Benemann 
1977). Light conversion efficiencies estab-
lished early on, 0.4 % under laboratory con-
ditions, 0.1 % under natural insolation, have 
not been much improved upon since 
(Tsygankov et al. 2002; Yoon et al. 2006; 
Sakurai and Masukawa 2007). There may be 
some room for improvement as theoretical 
efficiencies with this nitrogenase based sys-
tem are around 4.6 % (Hallenbeck 2011). As 
found for other photosynthetic processes, 
part of the reduction in efficiency is thought 
to be due to the inefficient use of light energy 
at high light intensities. This might be 
improved by reducing the size of the photo-
synthetic antennae, allowing more efficient 
use of high light intensities by the culture.

Hydrogen can also be produced by unicel-
lular cyanobacteria which obviously lack het-
erocysts. These cyanobacteria possess 
nitrogenase and are able to fix nitrogen with-
out the protection afforded by the heterocyst. 
The problems with oxygen sensitivity are at 
least partly circumvented in nature through 
circadian transcriptional control which drives 
maximal transcription of photosynthesis dur-
ing daylight, and maximal transcription of 
nitrogenase during darkness. Light-driven 
nitrogenase catalyzed hydrogen production 
by the unicellular Cyanothece has recently 
been demonstrated, although this was at low 
light intensities in the presence of glycerol, 
allowing consumption of oxygen through 
respiration and argon sparging removal of 
evolved oxygen (Min and Sherman 2010).

Of course these organisms could also be 
used in a true indirect biophotolysis process 
in which carbon is fixed in the first stage 
through oxygen-evolving photosynthesis 
creating reductant that can later be used in a 
second, anaerobic, hydrogen-producing 
stage. This separates in time and space the 
oxygen-sensitive proton reduction reaction 
from oxygen-producing photosynthesis. 
Such a process was recently demonstrated on 
an experimental level where the non- 

heterocystous Plectonema boryanum was 
cycled multiple times through an aerobic, 
nitrogen limited stage allowing for glycogen 
accumulation, and a second anaerobic, 
hydrogen producing stage (Huesemann et al. 
2010). In another scenario, the unicellular 
cyanobacterium Synechococcus, was shown 
to convert biomass accumulated during first 
stage photosynthetic to hydrogen during a 
second stage dark fermentation with a 12 % 
efficiency (i.e. 1.44 moles H2/mole hexose) 
(McNeely et al. 2010).

H2 production by green algae. It has been 
recognized for over half a century that some 
species of green algae are capable of a short- 
lived burst of hydrogen production catalyzed 
by a FeFe-hydrogenase upon re-illumination 
of dark-adapted (anaerobic) cultures. 
Recently, sustained hydrogen production by 
illuminated cultures was demonstrated using 
two stages; an initial stage permitting photo-
synthesis and growth followed by sulphur 
deprivation which provides the anaerobic 
conditions necessary for sustained hydrogen 
production (Melis et al. 2000). Sulfur depri-
vation reduces photosystem II activity since 
under these conditions cells are unable to 
replace photodamaged D1 protein. At some 
point (the compensation point) the much 
lowered rate of oxygen evolution is less than 
the rate of respiratory oxygen consumption. 
The algal culture thus becomes anaerobic 
and hydrogenase is induced with hydrogen 
production lasting over a period of days. The 
electrons required for hydrogen evolution 
come from several different pathways, with 
only about 50 % coming directly from the 
water splitting action of photosystem II 
(direct biophotolysis). An additional 50 % of 
the electrons come from stored metabolites, 
such as starch, which were produced during 
the first stage of this two stage process.

Although a large number of studies have 
attempted to improve this system by examin-
ing various mutants and operational param-
eters, low light conversion efficiencies 
remain a critical limiting parameter. Low 
efficiencies are inherent in a process which is 
based on reducing PSII activity by 75–90 % 
and removing oxygen through respiration of 
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substrate that could otherwise be used for 
hydrogen production. Therefore, attaining 
efficiencies within the realm of a practical 
system can only be achieved by moving away 
from the sulphur-deprived paradigm. One 
possible solution, using a hydrogenase that is 
(relatively) insensitive to oxygen inactiva-
tion, is apparent, although it is not obvious 
how to achieve this.

b. Photofermentation by 
Photosynthetic Bacteria

Photofermentation is another method that 
uses captured solar energy to drive hydrogen 
production, in this case from organic com-
pounds, principally organic acids, by purple 
non-sulfur photosynthetic bacteria. There 
have been a large number of studies on 
photofermentative hydrogen production by 
a different organisms using a variety of sub-
strates with investigations into the effects of 
a variety of factors including light intensity, 
nutrient regime, cell immobilization, etc., as 
compiled elsewhere (Li and Fang 2009; 
Adessi and De Philippis 2012). These bacte-
ria, when grown photoheterotrophically 
under nitrogen limiting conditions which 
induce the hydrogen evolution catalyst, 
nitrogenase, can carry out the nearly stoi-
chiometric conversion of various organic 
acids to hydrogen. The necessary energy 
inputs, ATP and high energy electrons, are 
generated through the action of bacterial 
photosynthesis. Hydrogen production under 
these conditions is thought to reflect the 
need for metabolic redox balance, with the 
necessary reoxidation of NADH coming 
from the hydrogen evolution process 
(Laguna et al. 2010; McKinlay and Harwood 
2010). Thus, photofermentation has been 
used to demonstrate the conversion of a vari-
ety of substrates, usually organic acids, to 
hydrogen. Many studies have demonstrated 
that this process can use a variety of waste 
streams rich in these substrates, or others, 
such as the crude glycerol fraction derived 
from biodiesel manufacture (Sabourin-
Provost and Hallenbeck 2009; Keskin and 
Hallenbeck 2012). Indeed, at present a great 

deal of work is examining the use of this 
process to  convert the liquid products pro-
duced during dark hydrogen fermentations, 
thus increasing overall hydrogen yields 
(Keskin et al. 2011; Adessi et al. 2012; 
Keskin and Hallenbeck 2012).

Even though the substrate conversion 
yields are high, there are a number of draw-
backs to this system that prevent practical 
application; volumetric hydrogen production 
rates are low, and, in common with other 
light-dependent systems, light conversion 
efficiencies are also low. Taken together both 
these factors mean that photobioreactors 
covering inordinately large surface areas 
would be required. In the future photofer-
mentation could possibly be improved 
through several approaches that might 
increase rates, yields, or photosynthetic effi-
ciencies. These strategies include; elimina-
tion of competing pathways; hydrogen 
consumption, polyhydroxybutyrate produc-
tion, or carbon dioxide fixation, and substitu-
tion of hydrogenase for nitrogenase should 
decrease the photon requirement, bringing 
about higher conversion efficiencies. This 
strategy might also bring about increased 
volumetric rates of hydrogen production as 
well due to the much higher turnover rates 
of FeFe-hydrogenases (6–12 × 10−3 s−1) com-
pared to nitrogenase (6.4−1 s−1). As with other 
photosynthetic systems, increased light con-
version efficiencies at high light intensities 
might be obtained by decreasing the photo-
synthetic antenna size.

c. Theoretical and Practical Limits 
to Light Conversion Efficiencies

The conversion efficiency of any process 
with solar energy as in input is a key param-
eter that directly affects its physical footprint. 
Theoretical conversion efficiencies should be 
based on total solar insolation of which only 
45 % can be used by chlorophyll a containing 
organisms, green algae and cyanobacteria, 
with up to 70 % being usable by purple non-
sulfur bacteria. A detailed discussion of theo-
retical conversion efficiencies in microbial 
hydrogen production is given elsewhere 

1 Microbial Bioenergy



16

(Hallenbeck 2011). One obvious difference is 
that systems based on nitrogenase have lower 
theoretical efficiencies than systems based on 
hydrogenase due to the extra energy (ATP) 
requirement of nitrogenase. Thus, biophotol-
ysis by green algae can be predicted to have a 
maximum efficiency of 12.2 % and only 
4.1 % for biophotolysis by heterocystous cya-
nobacteria. Photofermentation of organic 
substrates by photosynthetic bacteria can be 
predicted to have a maximal efficiency of 
8.5 % (Hallenbeck 2011). Of course, in prac-
tice efficiencies will be much lower due to a 
several factors. One important factor is 
thought to be the photosynthetic antenna size. 
Photosynthetic cultures normally have 
antenna sizes adapted for efficient capture at 
low light intensities. At the high light intensi-
ties that would be encountered in an effective 
light conversion system, the excess energy is 
captured and then wasted as thermal energy 
or fluorescence, as much as 80–90 % at maxi-
mum light intensities. Mutants with reduced 
antenna size might therefore have higher effi-
ciencies, but this remains to be fully demon-
strated. An additional amount of energy is 
needed for cell growth, maintenance and any 
additional metabolic burdens, such as respi-
ration in sulfur-deprived green algae.

2. Hydrogen Production by Dark 
Fermentation

Many different microbes have long been 
recognized to produce hydrogen during 
various types of anaerobic fermentations of 
carbohydrate- rich substrates. Other materials 
are poor substrates for fermentative hydrogen 
production; the fermentation of only a few 
amino acids gives hydrogen, and net hydrogen 
production from lipids is only possible at 
very low hydrogen partial pressures. Either 
pure substrates (usually glucose) or a variety 
of wastes have been used in studies on dark 
fermentative hydrogen production (Kapdan 
and Kargi 2006; Li and Fang 2007; Abo-
Hashesh and Hallenbeck 2012). The use of 
various waste streams is desirable of course, 
but it requires either an omnivorous heterotro-
phic organism or a consortium of organisms 
with a wide range of catabolic activities.

The metabolic details of the hydrogen 
production are fairly well understood now 
(Fig. 1.4). This aspect has been extensively 
reviewed (Hallenbeck 2005, 2009, 2011, 
2012c; Ghosh and Hallenbeck 2009). 
Basically, sugars are broken down through 
glycolysis to pyruvate, generating ATP and 
NADH. The fate of pyruvate is different 
depending upon the organism and meta-
bolic pathway. Thus, a variety of enzymes 
and hydrogenases can potentially partici-
pate, but the net result is the production of a 
maximum of one mole of hydrogen per 
mole of pyruvate. In one pathway, pyruvate 
can be converted to formate and acetyl-
CoA. The resulting formate can then be split 
to give hydrogen and CO2 through several 
different membrane associated hydroge-
nases (Hallenbeck 2012c). Alternatively, 
pyruvate can be immediately oxidized to 
acetyl-CoA, giving a CO2 and reducing fer-
redoxin. The reduced ferredoxin can drive 
hydrogen production by several different 
hydrogenases. In both cases, the acetyl-
CoA that is made is used to form a variety 
of liquid fermentation products, ethanol, 
acetate, butanol, butyrate, acetone, etc., 
depending upon the organism, the redox 
state of the substrate and the need for NAD 
regeneration for cellular metabolism. The 
amount of NADH generated during glycol-
ysis depends upon the oxidation state of the 
substrate, and thus drives the subsequent 
pattern and relative proportions of fermen-
tation products made.

In order to produce more than 2 moles of 
hydrogen per mole of glucose (glucose 
catabolism gives two pyruvates), or glucose 
equivalent, additional hydrogen must be 
derived from the NADH made during gly-
colysis by oxidation of glyceraldehyde-3- 
phosphate (G-3-P). The stumbling block is 
that generation of hydrogen from NADH is 
thermodynamically unfavorable since the 
NAD+/NADH couple has an equilibrium 
midpoint potential (E0′) of −320 mV whereas 
that of the H+/H2 couple is −420 mV. 
Therefore, under standard equilibrium con-
ditions (1 atmosphere H2) energy must be 
put into the system to make hydrogen 
(ΔG0′ = −nFΔE0′ = +19.3 kJ/mol). All things 
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being equal, these considerations would 
 predict that hydrogen production from 
NADH should only proceed at low hydrogen 
partial pressures.

A variety of hydrogenases have been 
described in organisms belonging to the 
Firmicutes that might be proposed to func-
tion in producing hydrogen from NADH 
(Fig. 1.4). Since none of these are present in 
Escherichia coli and similar organisms, 
these are restricted to a maximum of 2 H2/
glucose. If all the excess NADH could be 
converted to hydrogen, the organisms that 
contain the relevant pathways would be able 
to produce 4 H2/glucose. However, as noted 
above, this is unrealistic thermodynami-
cally. A number of possible mechanisms 
exist (Fig. 1.4). NADH might directly 
reduce a specific hydrogenase or NADH 
might be used to produce reduced ferre-
doxin through the action of NADH ferre-
doxin oxidoreducatse. However, using 
NADH to generate H2 may more likely than 
once thought as many organisms are thought 
to possess a bifurcating hydrogenase, an 
enzyme capable of coupling some of the 
free energy available in the oxidation of 
reduced ferredoxin to the oxidation of NADH 
thus compensating for the free energy 
needed to reduce hydrogenase with NADH 
(Schut and Adams 2009). The molecular 
details of this unique energy coupling 
mechanism are not presently known and the 
actual energetics will be determined by the 
prevailing hydrogen partial pressures and 
cellular concentrations of NAD+, NADH, 
Fdox, and Fdred.

Several major advances in dark fermenta-
tive hydrogen production have been recently 
made. Various types of immobilized systems 
have been developed, allowing the achieve-
ment of high volumetric rates of production. 
With this technology it is now possible to 
favor the development and maintenance of 
mixed communities degrading a variety of 
complex substrates and producing hydrogen 
under non-sterile conditions. Other advances 
have come from the application of Metabolic 
engineering which has shown that microbes 
can be manipulated into producing the maxi-
mum yields predicted from metabolic path-

ways (Abo-Hashesh et al. 2011). Additional 
strategies for further advances have been 
proposed (Hallenbeck et al. 2012). However, 
the bottom line is that presently achievable 

Fig. 1.4. Dark fermentative hydrogen producing path-
ways. In fermentations with hydrogen as one of the 
products, as in many other fermentations, glucose is 
broken down to pyruvate, generating ATP and NADH. 
Pyruvate is then converted to acetyl-CoA, and depend-
ing upon the organism, either formate, through the PFL 
pathway, or reduced ferredoxin and CO2, through the 
PFO pathway. Formate can be converted to hydrogen 
and CO2, by either the formate hydrogen lyase pathway 
which contains a [NiFe] hydrogenase (the Ech hydrog-
enase), or possibly in some other organisms another 
pathway which contains a formate dependent [FeFe] 
hydrogenase. NADH, generated during glycolysis, is 
oxidized through the production of various reduced 
carbon compounds, typically ethanol. A variety of 
[FeFe] hydrogenases can be used to reoxidize ferre-
doxin and produce hydrogen, including a ferredoxin-
dependent H2ase (Fd-[FeFe]). In some cases, NADH 
can also be used in hydrogen production, either by 
reducing ferredoxin (NFO), by directly reducing H2ase 
(NADH-[FeFe]), or as a co-substrate with reduced fer-
redoxin (Fd-NADH-[FeFe]). Excess NADH is used to 
produce other reduced fermentation products. In both 
cases, acetyl-CoA can also be used to produce ATP. Fd 
ferredoxin, NFO NADH ferredoxin oxidoreductase, 
PFL pyruvate formate lyase, PFO pyruvate:ferredoxin 
oxidoreductase.
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yields, at most 33 % of the theoretical 12 
moles of hydrogen per mole of glucose, are 
unacceptable. These yields are not competi-
tive with substrate conversion to other biofu-
els, which can already occur at 80–90 % 
yields. In addition, these low yields also 
mean the production of large amounts of side 
products that, at the scale necessary for sig-
nificant production of a biofuel, would pres-
ent an enormous waste disposal problem. 
Thus, the major challenge to the practical 
use of dark fermentation for biological 
hydrogen production is achieving acceptable 
yields. A number of strategies for overcom-
ing this barrier have been recently suggested, 
including further Metabolic engineering, 
and the development of hybrid, two-stage 
systems that would convert the fermentation 
side products to methane or hydrogen 
(Hallenbeck and Ghosh 2009; Hallenbeck 
2011; Hallenbeck et al. 2012). There are 
three distinct second stages for hybrid sys-
tems; anaerobic digestion of fermenter efflu-
ents to produce methane, photofermentation 
of the organic acids that are produced to 
hydrogen, or their conversion to hydrogen 
using microbial electrolysis cells.

3. Microbial Electrolysis

The last few years have seen the rapid devel-
opment of a novel technique for producing 
hydrogen from a variety of substrates using 
what are called microbial electrolysis cells 
(MECs) (Logan et al. 2008; Geelhoed et al. 
2010; Liu et al. 2010). These are based on 
microbial fuel cells (MFCs) which have been 
under investigation for decade. Both types of 
cells use microbes which can interact meta-
bolically with an electrode. A variety of 
mechanisms are involved. Microbial metabo-
lism degrades various organic compounds to 
CO2, protons, and electrons with the electrode 
(anode) acting as an electron sink in a type of 
anaerobic respiration. The current that is gen-
erated can be used as a power source (MFC) 
or additional voltage can be added to drive 
hydrogen evolution at the cathode (MEC). 
This allows, for example, the conversion of 
 acetate (−0.279 V) to hydrogen (−0.414 V) in 

a cathodic reaction against the  thermodynamic 
gradient with the application of a relatively 
small voltage (−0.135 V). However, in prac-
tice, more voltage than this is required due to 
a number of physic-chemical and microbial 
factors.

MECs can be constructed in a variety of 
configurations and with different materials 
for the anodes and cathodes. Many studies 
have been carried out with two-chamber 
devices with ion permeable membranes sep-
arating the anodic and cathodic chambers. 
Although this configuration has a number of 
advantages, there are a number of problems 
with this approach. The separation of the two 
bulk liquids can lead to inhibitory pH changes 
with acidification of the anodic chamber and 
basification of the cathodic chamber. In 
addition, the membrane can contribute 
significantly to the overall resistance of the 
cell, thus creating a greater voltage require-
ment for hydrogen evolution.

Some of these problems can potentially be 
circumvented with single chamber MECs 
which have been recently shown to generate 
higher current densities than dual chamber 
configurations and give significantly higher 
hydrogen production rates (Call and Logan 
2008; Hu et al. 2008). On the other hand, 
there may be several drawbacks to single 
chamber MECs which could decrease either 
hydrogen yields or coulombic efficiencies 
(Lee and Rittmann 2010). For example, 
increased methane production may come at 
the expense of produced hydrogen with this 
configuration, thus decreasing yields. In 
addition, microbes present at the anode 
might consume the produced hydrogen using 
the anode as electron sink, thus creating a 
futile cycle and decreasing efficiencies dras-
tically (Lee and Rittmann 2010).

Thus, practical use of MECs will require 
that a number of challenges are addressed. 
These include the development of low cost, 
efficient electrode materials and the develop-
ment of cell geometries and biocompatible 
buffers that reduce internal resistances. 
Given the rapid progress with this technology 
over the recent past, it might well reach the 
level required for practical application in a 

Patrick C. Hallenbeck
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relatively short period of time, giving a use-
ful technology for the conversion of various 
waste streams to hydrogen.
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Summary

Nature has evolved three different ways of metabolizing hydrogen, represented by the 
anaerobic [Fe]-, [FeFe]- and [NiFe]-hydrogenases. Structural and functional studies of these 
enzymes have unveiled the unusual composition of their active sites and characterized their 
catalytic mechanisms. From a biotechnological viewpoint, the most interesting hydroge-
nases are those that contain a [NiFe] moiety in their active sites. Some of these enzymes are 
O2-resistant and can rapidly reductively recover from oxygen exposure whereas others are 
O2-tolerant and can oxidize H2 even at atmospheric oxygen levels. O2-resistant [NiFeSe]-
hydrogenases have one of the Cys ligands of the active site replaced by a SeCys and do 
not display the hard-to-reactivate “unready” state provoked by O2. The reasons for this 
property might be related to the formation of O2-derived Se-O bonds, which are weaker than 
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I. Introduction

Many microorganisms use enzymes called 
hydrogenases to oxidize molecular hydrogen 
or reduce protons according to the reaction 
H2 ↔ 2H+ + 2e−. Two major unrelated enzyme 
classes exist: the [FeFe]- and the [NiFe]-
hydrogenases (Vignais and Billoud 2007; 
Fontecilla-Camps et al. 2007). The former 
are found in bacteria and some green algae, 
fungi and protozoa, whereas the latter are 
widespread in both bacteria and archaeans 
but absent from eukaryotes. A special class 
of enzymes called [Fe]-hydrogenases couples 
H2 oxidation with the reduction of methenyl-
tetrahydromethanopterin (HC-H4MPT+) without 
electron transfer to an external redox partner. 
When provided with the reaction products, 
H+ + H2C- H4MPT, H2 is evolved (Thauer 
et al. 2010). In general, [Fe]-hydrogenases, 
which are only found in archaeal species, are 
irreversibly inactivated by O2. [FeFe]-
hydrogenases are generally more active in 
proton reduction than [NiFe]- hydrogenases, 
which are more biased to H2 oxidation. 
However, there are exceptions to this rule, 
such as the periplasmic [FeFe]-hydrogenase 
from Desulfovibrio desulfuricans which is 

an uptake enzyme (Nicolet et al. 1999). 
Proton reduction is physiologically impor-
tant to eliminate excessive reducing power 
generated by photosynthetic and fermenta-
tive processes. Conversely, microorganisms 
can use the low-potential electrons generated 
by hydrogen oxidation for respiration with 
different terminal electron acceptors such 
as, for example, fumarate, nitrate, carbon 
dioxide, sulfur, sulfate, the heterodisulfide 
CoM-S-S- CoB (between coenzyme M and 
coenzyme B) in methanogenic archaeans 
and, in some exceptional cases, dioxygen. 
Hydrogen oxidation is also used to recycle H2 
generated by nitrogenases during N2 reduction 
to ammonia by azototrophic bacteria.

[FeFe]-hydrogenases are generally O2- 
sensitive but can be reactivated if they are 
progressively exposed to this gas, like is the 
case during aerobic purification. However, 
in the presence of excessive reducing power 
the enzyme metal centers can be irreversibly 
damaged due to the formation of radical 
oxygen species. In general, such sensitivity 
towards O2 is a stumbling block for biotech-
nological applications. Conversely, many 
[NiFe]-hydrogenases are, at least in vitro, 
only reversibly inactivated by O2 and some 
are present in aerobic organisms that can 
couple hydrogen oxidation to oxygen reduc-
tion. Because of these interesting properties 
we will now discuss this class of enzymes 
in more detail.

Abbreviations: EPR – Electron Paramagnetic Resona-
nce spectroscopy; FTIR – Fourier Transform InfraRed 
spectroscopy; Pt – Platinum; TiO2 – Titanium dioxide

S-O bonds and, consequently, easier to break upon reduction. Conversely, membrane-bound 
O2-tolerant hydrogenases have an unusual proximal (relative to the active site) [Fe4S3] 
cluster coordinated by six Cys ligands. This cluster can rapidly send two successive 
electrons to the active site helping to reduce oxygen to water there. Some microorganisms 
posses more than one hydrogenase and use them in different ways. For instance, there are 
three well-characterized [NiFe]-hydrogenases in the model bacterium Escherichia coli. 
They are highly regulated and each one plays a specific role: microaerobic/anaerobic H2 
uptake, anaerobic H2 evolution and, protection from O2-induced damage, respectively. 
These enzymes are discussed in connection with the metabolic changes E. coli undergoes 
during its transit through the intestinal tract of the host. O2-tolerant hydrogenases have been 
used to build bio-fuel cells that can function under air. Also, O2-resistant [NiFeSe]-
hydrogenases have been attached to TiO2 particules for H2 production from solar energy. 
Hydrogenase active sites have also served as a source of inspiration for the synthesis of 
organometallic catalysts.

Anne Volbeda and Juan C. Fontecilla-Camps
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II. [NiFe]-Hydrogenases

A. Types of [NiFe]-Hydrogenases

The simplest [NiFe]-hydrogenase consists of 
a large subunit containing the active Ni-Fe 
site and a small subunit typically harboring a 
proximal [Fe4S4], a medial [Fe3S4] and a dis-
tal [Fe4S4] cluster, which transfer electrons to 
and from the active site, located in the large 
subunit (Fig. 2.1a). Exceptions are the 
[NiFeSe]-hydrogenases that have a medial 
[Fe4S4] cluster and the O2-tolerant enzymes 
that contain a modified proximal [Fe4S3] 
cluster (see below). [NiFe]-hydrogenases 
are either periplasmic or cytoplasmic H2-
uptake enzymes. Heterodimeric cytoplasmic 
enzymes typically function in the recycling 
of H2 produced by microbial nitrogenases, as 
in cyanobacteria (Bothe et al. 2010, see also 
Chaps. 6 and 8). Heterodimeric periplasmic 
[NiFe]-hydrogenases have been extensively 
studied in sulfate-reducing bacteria (Fontecilla-
Camps et al. 2007). They allow these organ-
isms to use H2 as an electron donor for the 
reduction of sulfate via a complex and still 
incompletely characterized electron transfer 
pathway, reviewed by Matias et al. (2005), 
that starts with a water- soluble cytochrome 
c3 electron carrier. Based on sequence 
homologies (Vignais and Billoud 2007), 
all [NiFe]-hydrogenases have a common 

 heterodimeric core that resembles the first 
structure of the enzyme from Desulfivibrio 
gigas published by Volbeda et al. (1995). In 
most hydrogenases this basic core forms part 
of larger protein complexes with different 
redox partners, including quinones in the 
cytoplasmic membrane and ferredoxin, NAD 
or NADP in the cytoplasm. In methanogenic 
archaea the quinones are replaced by metha-
nophenazine and NAD is normally replaced 
by coenzyme F420 (8-hydroxy-5-deazaflavin), 
although there are also hyperthermophilic 
archaea that use NADP (Horch et al. 2012). 
In addition, methanogens have hydrogenases 
that are coupled with a heterodisulfide reduc-
tase to reduce the S-S bond between coen-
zymes M and B, produced in the last step of 
methanogenesis (Thauer et al. 2010).

Many of the multi-subunit complexes 
show striking homologies with NADH: 
ubiquinone oxidoreductase, also known as 
respiratory complex I. Although the latter 
does not have a Ni-Fe active site, the homol-
ogy extends even to the basic heterodimeric 
hydrogenase core. The known structure and 
organization of both the hydrophilic and 
membrane-bound hydrophobic subunits of 
complex I has been used to construct homol-
ogy-based models of several multisubunit 
hydrogenases (Efremov and Sazanov 2012). 
These include the so-called bidirectional 
hydrogenases, reviewed by Horch et al. (2012), 

Fig. 2.1. Basic structural organization of [NiFe]-hydrogenases: (a) the heterodimeric (SL) oxygen-sensitive 
enzyme of Desulfovibrio fructosovorans; (b) the heterotetrameric (SL)2 oxygen-tolerant hydrogenase-1 of 
Escherichia coli.
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which are found, for example, in the cytoplasm 
of photosynthetic bacteria. These enzymes 
typically consist of five different subunits in 
Bacteria and three in Archaea, and exchange 
electrons with either NAD(P) or coenzyme 
F420, via a flavin- containing diaphorase sub-
unit. The O2-tolerant soluble [NiFe]-hydro-
genase of Ralstonia eutropha (ReMBH) is 
also a member of this group of enzymes. 
Other multisubunit hydrogenases related to 
complex I are the proton pumping energy 
converting hydrogenases (Ech) found in the 
membrane fraction of Archaea like Methan
osarcina barkeri, which use a ferredoxin as 
redox partner and consist of at least six sub-
units (Hedderich 2004), and EcHyd-3, which 
is a H2 evolving hydrogenase of the enteric 
bacterium the Escherichia coli.

B. The [NiFe]-Hydrogenases 
of Escherichia coli

This enteric anaerobic bacterium has three 
well-studied multisubunit [NiFe]-hydrogenases 
(Fig. 2.2) called EcHyd-1, EcHyd-2 and 
EcHyd-3 (Pinske et al. 2012). Although 
these three membrane-bound hydrogenases 
have similar amino acid sequences, they are 
associated with different kinds of subunits 
(see below). Genomic annotation indicates 

the presence of a fourth hydrogenase although 
it has not been identified in the bacterium 
(Redwood et al. 2007). EcHyd-2 is a peri-
plasmic membrane–bound hydrogenase, 
very active in hydrogen uptake (Dubini et al. 
2002), that is expressed under microaerobic 
and anaerobic respiration. It transfers elec-
trons resulting from H2 oxidation to the 
(mena)quinone pool in the membrane, via its 
small subunit HybO, to the ferredoxin-like 
HybA subunit that contains four iron sulfur 
clusters and the intrinsic membrane subunit 
HybB devoid of metal (Dubini et al. 2002). 
These electrons are subsequently used in the 
reduction of fumarate to succinate on the 
cytoplasmic side of the membrane (Kröger 
et al. 2002). EcHyd-2 has a long anchoring 
α-helix, which corresponds to the C terminal 
segment of HybO. EcHyd-3 is part of the 
cytoplasmic, membrane–bound formate–
hydrogenlyase complex consisting of seven 
different subunits, which catalyze the trans-
formation of formate, a fermentation prod-
uct, to CO2 and H2 (Leonhartsberger et al. 
2002). This reaction prevents acidification of 
the bacterium cytoplasm and allows for 
hydrogen recycling. Whereas both EcHyd-2 
and EcHyd-3 are very O2-sensitive, EcHyd-1 
is air-tolerant and oxidizes hydrogen at 
potentials significantly higher than those of 

Fig. 2.2. Multisubunit complexes of the three E. coli [NiFe]-hydrogenases EcHyd-1, EcHyd-2 and EcHyd-3. 
The latter is part of the formate:hydrogenase lyase (FHL) complex which contains also formate dehydrogenase 
H (FDH-H). Electron-transferring iron-sulfur clusters are highlighted as squares, b-type hemes as diamonds 
and active sites as ellipsoids. MQ and MQH2 are the oxidized and reduced forms of menaquinone. Subunits are 
labeled with capital letters, the corresponding genes are given in italics underneath.
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EcHyd-2 (Laurinavichene et al. 2002; Lukey 
et al. 2010). Amino acid sequence compari-
sons show that EcHyd-1 is related to membrane- 
bound hydrogenases (MBH) functioning in 
aerobic respiration in Knallgas bacteria. Like 
other enzymes from E. coli, EcHyd-1 is 
anchored to the membrane by a long trans–
membrane α-helix from the small subunit and 
by an intrinsic membrane protein, cytochrome 
b (Dubini et al. 2002). The enzyme is a dimer 
of heterodimers (Volbeda et al. 2012), which 
are composed of a small and large subunit, i.e. a 
(SL)2 dimer (Fig. 2.1b). Unlike MBH (but like 
EcHyd-3), EcHyd-1 is repressed by O2 and 
highly expressed under fermentative growth 
(Pinske et al. 2012). Under these conditions the 
quinone pool is likely to be completely reduced, 
making a possible role of EcHyd-1 in anaero-
bic respiration difficult to rationalize. Indeed, 
experiments using E. coli mutants have shown 
that hydrogen produced by EcHyd-3 is mostly 
oxidized by EcHyd-2 and not by EcHyd-1 
(Redwood et al. 2007). Consequently, EcHyd-1 
and other O2-tolerant enzymes could have a 
different function than respiration, such as 
defense against oxidative stress. This role has 
been proposed in the case of homoacetogenic 
bacteria living in termite guts (Boga and Brune 
2003) and in the Fe(III)-reducing bacterium 
Geobacter sulfurreducens (Tremblay and 
Lovley 2012).

Most O2-tolerant enzymes have signifi-
cantly higher cluster redox potentials and 
much lower in vitro H2 oxidation or produc-
tion activities than the O2-sensitive enzymes. 
High cluster potentials are probably beneficial 
for O2 tolerance. In the following sections we 
will focus on the effects of O2 on the structure 
and function of [NiFe]-hydrogenases, empha-
sizing the results obtained from crystallo-
graphic studies since 2001.

III. Structural Studies of O2-Sensitive 
[NiFe]-Hydrogenases

Interpretation of the structural results 
obtained for [NiFe]-hydrogenases has been 
often complicated by the presence of mix-
tures of redox and protonation states in the 

crystals. This is due to the numerous redox 
states these enzymes display upon reduction 
from inactive oxidized to catalytically active 
species. In addition to O2, molecules like 
H2S, which can be present in significant 
amounts during the purification of enzymes 
from sulfate reducing bacteria, may react 
with the active site, producing another source 
of heterogeneity. Furthermore, the redox 
state of the structure may change depending 
on the X-ray dose used for collecting the 
crystallographic data. The different enzyme 
states have been extensively characterized by 
EPR and FTIR spectroscopic studies (De 
Lacey et al. 2007; Lubitz et al. 2007). 
Inactive oxidized states may be defined as 
unready and ready, which respectively give 
rise to EPR signals called Ni-A and Ni-B 
depending on whether they activate slowly or 
rapidly upon treatment with H2. We obtained 
an almost pure Ni-B preparation from an 
active, anaerobically-purified periplasmic 
heterodimeric [NiFe]-hydrogenase of Desul
fovibrio (D.) fructosovorans by exposing it to 
a mixture of 5 % H2 and 95 % N2 at pH 9.0 
followed by exposure to a 100 % O2 atmo-
sphere at 0 °C. This sample was crystallized 
under air (Volbeda et al. 2005). The crystal 
structure showed the presence of spherical 
electron density between the Ni and Fe atoms 
of the active site that we assigned to a bridg-
ing hydroxide ligand (Fig. 2.3a). The crystal-
lographic analysis of aerobically-purified 
enzyme in its “as- isolated” state showed a 
significantly more elongated electron density 
bridging the Ni and Fe ions (Fig. 2.3b). As 
aerobically purified enzyme is known to be 
mostly in the unready Ni-A state, we associ-
ated this observation with the presence of a 
peroxide species in this form. In addition, a 
small density feature close to a bridging cys-
teine thiol suggested its partial oxidation to a 
sulfenate (Volbeda et al. 2005). However, 
using data collected from a different crystal 
of “as isolated” enzyme, we observed spheri-
cal electron density bridging the Ni and Fe 
ions, as well as a small peak close to a bridg-
ing thiol. This crystal may have been overex-
posed to X-rays, as we also noticed the 
decarboxylation of several Asp and Glu 
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residues and the cleavage of a solvent-exposed 
disulfide bond (Volbeda et al. 2002). For the 
other crystals previously mentioned, there 
were no such signs of radiation damage.

The results described above may be 
explained as follows: active enzyme contains 
enough electrons in the active site and the 
[Fe-S] clusters to reduce O2 completely, 
according to:

 O H e H O OH2 23 4+ + ® ++ - -  (2.1)

Two of the required electrons could come 
from a bridging hydride bound to either 
Ni(III)-Fe(II) (Ni-C) or Ni(II)-Fe(II) (Ni-R) 
in active enzyme (Brecht et al. 2003; 
Fontecilla-Camps et al. 2007; Pandelia et al. 
2010) and the remaining two could be pro-
vided by reduced [Fe-S] clusters. One water 
molecule escapes the active site whereas the 
other one remains trapped as a bound 
hydroxide. During aerobic purification the 
initially reduced enzyme will gradually oxi-
dize. However, the redox potentials for the 
Ni(II)/Ni(III) and [Fe3S4]+/[Fe3S4]0 cluster 
couples are positive enough to provide two 
electrons for O2 reduction at the increas-
ingly higher potentials encountered during 
enzyme purification:

 O H e OOH2 2+ + ®+ - -  (2.2)

The produced reactive peroxide species 
may oxidize thiolates to sulfenate (Forman 
et al. 2010), maybe after reduction of Ni(III) 
to Ni(II) because sulfenates are better ligands 
for the latter (Farmer et al. 1993):

 Cys S OOH Cys SO OH- -- - - -+ ® +  (2.3)

Reaction (2.3), which also produces bound 
hydroxide, is thermodynamically very favor-
able (Söderhjelm and Ryde 2006). 
Consequently, it must have a rather large 
kinetic barrier in order to explain the pre-
dominant detection of the less stable peroxide 
intermediate. Our observations with the crys-
tal overexposed to X-rays suggest that sulfen-
ates may be further reduced to water and 
thiolate by photoelectrons produced by this 
radiation. Similar active site modifications 
have been reported for D. vulgaris Miyazaki 
(Ogata et al. 2005) and Allochro matium (A.) 
vinosum [NiFe]-hydrogenase (Ogata et al. 
2010) in their “as- isolated” state. In the first 
case, a complicated mixture was observed 
including a partially occupied bridging per-
oxide, a partial modification of both a Ni-Fe 
bridging and a terminally Ni-bound thiolate 
to a sulfenate, and possibly, an additional 
fraction containing an inorganic sulfur ligand 
(S2− or HS−). In the second case, a spherical 
Ni-Fe bridging  electron density was observed, 
along with a partial modification of a bridging 

Fig. 2.3. Crystallographic models of the Ni-Fe(−Se) active site: (a) the ready Ni-B state in the D. fructosovorans  
enzyme; (b) the as-isolated, mainly unready mixture of the same enzyme; (c) the H2-reduced [NiFeSe]-
hydrogenase of Desulfomicrobium baculatum; (d) the major fraction of the as-isolated [NiFeSe]-hydrogenase of 
D. vulgaris Hildenborough. The gray grids in (a) and (b) depict an averaged omit electron density map, * denotes 
a partial oxidation of a Ni-Fe bridging thiolate ligand to a sulfenate, # an alternative conformation of a terminal 
Ni-bound thiolate and € a double oxidation of the other terminal Ni-bound thiolate to a sulfinate.
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thiolate to sulfenate. Using the data of our 
overexposed crystal of D. fructosovorans 
[NiFe]-hydrogenase and including quantum 
mechanical methods in the crystallographic 
refinement, Söderhjelm and Ryde (2006) 
obtained a similar result. This included a 
small fraction with a sulfenate modification 
of a bridging thiol (at a density peak that we 
had earlier attributed to noise) and an even 
smaller fraction with the Ni terminal thiolate 
ligand modified to sulfenate as observed by 
Ogata et al. (2005) in the D. vulgaris Miyazaki 
enzyme (although not exactly in the same 
conformation). In conclusion, although the 
exact identity of states like Ni-A and the one-
electron more reduced unready Ni-SU form 
(Fig. 2.3b) is still debated, our interpretations 
seem to be compatible with all the discussed 
crystallographic, as well as with other experi-
mental results, as previously reviewed by 
Fontecilla- Camps et al. (2007). Besides react-
ing at the active site, O2 may also react with 
and presumably damage Fe-S clusters, as 
exemplified by the partial conversion of the 
proximal [Fe4S4] to a [Fe4S3O3] cluster 
observed in the crystal structures of D. desul
furicans ATCC 27774 [NiFe]-hydrogenase 
(Matias et al. 2001) (Fig. 2.4d) and D. vul
garis Hildenborough [NiFeSe]-hydrogenase 
(Marques et al. 2010).

In theory there are at least three ways to 
decrease the oxygen sensitivity of a [NiFe]-
hydrogenase: (A) to limit the access of O2 to 
the active site, (B) to speed up the activation 
of oxidized states and (C) to avoid the forma-
tion of reactive oxygen species according to 

reactions (2.2) and (2.3) by keeping enough 
electrons available for the complete reduction 
of O2 to water. Studies with mutants have 
shown that strategy A, which limits oxygen 
access through the tunnel connecting the 
active site to the protein exterior (Montet 
et al. 1997) may indeed explain the O2-
tolerance of H2 sensors, also called regula-
tory hydrogenases (Buhrke et al. 2005; Duche 
et al. 2005). This possibility was predicted 
from sequence alignments with O2- sensitive 
hydrogenases (Volbeda et al. 2002). However, 
the function of these sensors is to activate the 
synthesis of hydrogenases when hydrogen is 
present by interacting with a histidine protein 
kinase, which in turn, modulates the activity 
of a response regulator-transcription factor 
(Elsen et al. 2003; Buhrke et al. 2004). As 
hydrogenases they have very little activity. 
We will not review the elegant studies carried 
out with mutants of the tunnel and other 
regions using the O2-sensitive periplasmic 
D. fructosovorans [NiFe]-hydrogenase as they 
are described in Chap. 3 of this book. Instead, 
we will next discuss those enzymes that are 
either naturally O2-resistant or O2-tolerant by 
using strategies B and C, respectively.

IV. Structural Studies of O2-Resistant 
[NiFeSe]-Hydrogenases

In some [NiFe]-hydrogenases, one of the 
cysteine ligands of the Ni is naturally substi-
tuted by a seleno-cysteine (SeCys) and, in 
addition, the mesial [Fe3S4] is replaced by a 

Fig. 2.4. Crystallographic models of the proximal iron-sulfur cluster: (a) [Fe4S4]-cluster in the D. fructosovorans 
enzyme, (b) [Fe4S3]-cluster in E. coli hydrogenase-1, observed in the H2-reduced enzyme, (c) [Fe4S3]-cluster 
observed as a mixture of two states in as-isolated E. coli Hyd-1, (d) [Fe4S3O3]-cluster observed in a fraction of 
the as-isolated D. desulfuricans ATCC 27,774 enzyme. Violet and blue grids denote anomalous difference and 
omit electron density maps.
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[Fe4S4] cluster. In general, as recently 
reviewed by Baltazar et al. (2011), such 
[NiFeSe]-hydrogenases have much higher 
catalytic activity than the [NiFe] enzymes 
and they often appear to be less O2-sensitive. 
The crystal structure of [NiFeSe]-hydro-
genase from the sulfate reducing bacterium 
Desulfomicrobium baculatum, was reported 
by Garcin et al. (1999). It was both the first 
structure determined for this class of hydrog-
enase and one of the first, together with the 
structure reported by Higuchi et al. (1999) 
for D. vulgaris Miyazaki [NiFe]-hydrogenase, 
with a reduced active site, probably in the 
Ni-C state (Fig. 2.3c). Based on several 
sources (Brecht et al. 2003; Fontecilla-
Camps et al. 2007; Pandelia et al. 2010), a 
hydride is postulated to bridge the Ni and Fe 
ions in the active Ni-C form, replacing the 
hydroxide found in the Ni-B state. More 
recently, Marques et al. (2010) have reported 
on the structure of the [NiFeSe]-hydrogenase 
from D. vulgaris Hildenborough. This struc-
ture contains a mixture of oxidized states and 
includes three different conformations for its 
SeCys residue. Quite unexpectedly, about 
70 % of the structure appears to contain a 
doubly oxidized thiol (a sulfinate) and a per-
sulfurated SeCys (Fig. 2.3d). Assuming it 
contains Ni(II), which is reasonable given 
the absence of EPR signals from oxidized 
[NiFeSe]-hydrogenase preparations, this 
highly oxidized active site will require no 
less than seven electrons and up to seven 
protons to be converted into the reduced 
Ni-C state (Fig. 2.3c): two electrons will be 
needed to reduce the Se-S bond, producing 
either H2S or HS−; four additional electrons 
will be required to reduce the two S-O bonds, 
producing two H2O molecules, and one more 
electron must be employed, along with the 
oxidation of Ni(II) to Ni(III), to reduce a pro-
ton and generate the hydride. It is difficult to 
reconcile such a highly oxidized structure 
with the inherent O2-resistance of [NiFeSe]-
hydrogenases, because sulfinates are ther-
modynamically very stable hyperoxidized 
species that normally require dedicated 
enzymes for their reduction (Poole and 
Nelson 2008). Consequently, we conclude 

that additional studies, including structures 
of intermediate oxidation states, will be 
required to understand how the structure 
reported by Marques et al. (2010) could be 
generated and to determine whether it is eas-
ily activated. These studies should also shed 
light on the role of SeCys in activation and 
O2 resistance. One possible reason for the 
SeCys/Cys substitution in these enzymes is 
the fact that Se-O bonds that might be formed 
upon air exposure are inherently weaker than 
S-O bonds (Parkin et al. 2008) and, conse-
quently, easier to break.

V. Structural Studies  
of O2-Tolerant Membrane-Bound 
[NiFe]-Hydrogenases

Amino acid sequence comparisons (Pandelia 
et al. 2012) have shown that a family of 
oxygen- tolerant hydrogenases has two super-
numerary small subunit cysteine residues in 
the coordination sphere of the proximal clus-
ter (Figs. 2.4a, b). These enzymes can oxi-
dize hydrogen at the 21 % atmospheric 
oxygen level. As first shown in the case of 
Aquifex aeolicus hydrogenase 1 (AaHyd-1), 
the proximal cluster (PC) is involved in two 
one–electron redox process, involving PC1/
PC2 (formal +1/+2) and PC2/PC3 (formal 
+2/+3) states. The higher  potential PC2/PC3 
redox transition does not change between 
pH 6.4 and 7.4. Other adaptations for their 
tolerance to oxygen are (i) a lower Km for H2 
than the KI for O2 and (ii) the fact that all the 
metal centers have more positive potentials 
when compared to oxygen–sensitive NiFe 
hydrogenases. It has been shown that the 
superoxidized proximal cluster has more fer-
ric character than standard clusters (Pandelia 
et al. 2011). This observation agrees with 
the proposition that the two oxidation steps 
of the proximal cluster correspond to 3Fe(II)-
1Fe(III) → 2Fe(II)-2Fe(III) and 2Fe(II)-
2Fe(III) → 1Fe(II)-3Fe(III) changes (Goris 
et al. 2011; Pandelia et al. 2011) in the PC1/
PC2 and PC2/PC3 redox couples, respec-
tively. It is noteworthy that these two redox 
couples are separated by a narrow potential 
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difference of about 0.2 V (see also Roessler 
et al. 2012), compared to others, such as the 
one of high potential iron sulfur protein, 
where the unnatural super-reduction from 
[Fe4S4]+2 to [Fe4S4]+1 involves a much higher 
potential drop of 1 V relative to the +3/+2 
redox couple (Heering et al. 1995). The 
structures of three oxygen-tolerant hydroge-
nases have been published including one 
solved by us (Fritsch et al. 2011b; Shomura 
et al. 2011; Volbeda et al. 2012). These stud-
ies have shown that the proximal cluster has 
an unusual structure where the supernumer-
ary Cys19 bridges two iron ions and Cys120 
terminally binds another one. Thus, these 
two cysteine residues replace a sulfide ligand. 
Site–directed mutagenesis has shown that 
the supernumerary Cys19 is crucial for oxy-
gen tolerance whereas the supernumerary 
Cys120 plays a less important role (Lukey 
et al. 2011). The proximal cluster displays a 
remarkable plasticity undergoing a major 
conformational change when it goes from 
the PC2 to the PC3 state. This change 
involves the migration of one of the iron ions 
of the cluster towards the amide N of Cys20 
forming a bond with it (Fig. 2.4c). In addi-
tion, this iron ion now binds the carboxylate 
group of a glutamate residue. An equivalent 
glutamate also binds the corresponding iron 
in oxygen-damaged proximal clusters 
(Fig. 2.4d). We have used our EcHyd-1 struc-
ture (Volbeda et al. 2012) to calculate and 
reproduce previously generated Mössbauer 
and EPR spectroscopic data using AaHyd-1. 
Our calculations show that the amide–N 
deprotonation, required to form the Fe-N 
bond, is mediated by the carboxylate group 
of the glutamic acid mentioned above. This 
residue is hydrogen-bonded to another gluta-
mate residue, which is part of a proton trans-
fer chain that normally operates by moving 
protons from the active site to the molecular 
surface (Fontecilla et al. 2007; Fdez Galván 
et al. 2008). However, when exposed to oxy-
gen, the enzyme operates in the opposite 
direction by sending both protons and elec-
trons to the active site. Under normal anaero-
bic conditions hydrogen uptake makes the 
cluster oscillate between PC1 and PC2, like 

in oxygen-sensitive hydrogenases. However, 
when the enzyme is exposed to O2, and if the 
active site is in the Ni–C state with bound 
hydride, oxygen will be reduced to peroxide. 
In order to avoid subsequent oxidative dam-
age this species has to be rapidly reduced to 
water. As mentioned above, this is mediated 
by the proximal cluster, which goes from 
PC1 to PC3 in two rapid successive one–
electron reduction steps. Evidence for a 
water channel close to the active site has 
been also obtained from our structure. This 
channel is essential for evacuating the water 
generated upon oxygen reduction to the 
molecular surface. Our calculations show 
that the unique iron that forms a bond with 
the N amide atom of Cys20 is the one that 
gets oxidized from ferrous to ferric when the 
cluster goes from PC2 to PC3. Our conclu-
sion is that if the active site stays in the Ni-B 
state and in the absence of H2, there will not 
be electrons available to reduce the proximal 
cluster from the PC3 to the PC2 and PC1 
state. Thus, both the Ni-B form and the 
superoxidized proximal cluster in the PC3 
state protect the integrity of the hydrogenase 
when exposed to molecular oxygen. From a 
biotechnological standpoint these hydroge-
nases have potential applications in bio-fuel 
cells (see below). Conversely, and because of 
their more  positive redox potentials relative 
to standard hydrogenases, these enzymes 
cannot be effectively used for hydrogen 
evolution.

EcHyd-1 is naturally bound to the perip-
lamic side of the cytoplasmic membrane. It 
forms a dimer of heterodimers bringing the 
two distal clusters within 12 Å (Fig. 2.1b), a 
distance compatible with fast electron trans-
fer (Page et al. 2003). So, it is possible to 
postulate that electrons generated at the 
active site of one monomer could be trans-
ferred to the active site of the other, i.e. the 
active site of one of the enzymes could help 
jumpstarting the other (Volbeda et al. 2012). 
This arrangement lowers the probability of 
the simultaneous oxygen-induced deactiva-
tion of the two hydrogenases in the dimer. 
Frielingsdorf et al. (2011) have proposed a 
trimeric arrangement for the heterodimers of 
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the oxygen–tolerant ReMBH. We have 
modeled such a trimer and found that the 
distance between two distal clusters is too 
large to allow for efficient electron transfer. 
Furthermore, amino acid sequence compari-
sons for regions involved in monomer–
monomer recognition indicate that they are 
well conserved in EcHyd-1 and ReMBH 
(not shown). This strongly suggests that 
ReMBH also forms a dimer of heterodimers. 
Furthermore, the same oligomeric state has 
been found in other hydrogenases, both of 
the O2–sensitive and O2–tolerant kinds, such 
as those from Allochromatium vinosum 
(Ogata et al. 2010) and Hydrogenovibrio 
marinus (Shomura et al. 2011), respectively.

VI. Regulation of Hydrogenase 
Expression and Activity: The 
Example of Escherichia coli

In order to elucidate the regulation and 
role of the three well-characterized H2ases in 
E. coli one has to look into its fluctuating 
lifecycle from the moment it is ingested to 
the moment it is excreted by the host. Alexeeva 
et al. (2002) have put forward the concept of 
perceived aerobiosis that is defined as the 
extent to which the bacterium will use oxidative 
catabolism. At over 50 % aerobiosis, E. coli 
respires O2 using low-affinity cytochrome bo 
oxidase. Conversely, below 40 % aerobiosis, 
the high-affinity cytochrome bdI oxidase is 
expressed, upregulated by ArcA, the anoxic 
redox control regulator (Alexeeva et al. 
2000). Under these conditions, cytochrome 
bdI oxidase becomes the major terminal 
oxygen reductase and, thanks to its activity 
the intracellular oxygen tension is kept low 
enough to allow for, (i) pyruvate–formate 
lyase activity, which generates formate from 
pyruvate, and (ii) protection of the bacterium 
from oxidative damage induced by dyes 
(Alvarez et al. 2010). At lower oxygen con-
centrations, cytochrome bdI oxidase expres-
sion is repressed by the fumarate-nitrate 
reduction regulator (FNR). FNR is a tran-
scriptional regulator of respiratory pathway 
genes that becomes activated at 0.5 % O2 

when E. coli goes from microaerobic to 
anaerobic growth conditions (Becker et al. 
1996). Anaerobic conditions cause the 
expression of an additional cytochrome oxi-
dase called bdII, which is co- regulated with 
the expression of the O2-tolerant EcHyd-1 
(Dassa et al. 1991). As bdI, bdII has high 
affinity for oxygen and is well suited to func-
tion in an anaerobic environment. In micro-
organisms such as Azotobacter vinelandii, 
which possess the highly oxygen–sensitive, 
nitrogen-reducing nitrogenase, high-affinity 
cytochrome oxidases afford protection 
against oxygen–induced damage (Poole and 
Hill 1997). The physiological role of 
EcHyd-1 has not been clearly determined. 
Most in vitro experiments are not well suited 
to clarify this point because one has to look 
at the natural environment where this bacte-
rium grows in order to understand when and 
why the three different H2ases are expressed. 
EcHyd-1 expression is upregulated under 
stressful conditions such as carbon and 
 phosphate starvation, osmotic shock, and 
stationary phase conditions (Atlung et al. 
1997) and both EcHyd-1 and EcHyd-3 are 
highly expressed under fermentative condi-
tions, i.e., their expression is stimulated by 
formate (Brøndsted and Atlung 1994). 
These conditions are naturally found in the 
anoxic terminal segment of the gastro–
intestinal tract of the host. The role of 
EcHyd-3 in recycling hydrogen and prevent-
ing acidification of the cytoplasm according 
to the reaction:

 HCOO H CO H- ++ ® +2 2  (2.4)

is well established. But, in the case of 
EcHyd-1 it is not easy to explain why an 
oxygen-tolerant H2ase is highly expressed 
under fermentative conditions when there is 
excess of reducing equivalents and electron 
acceptors are scarce (except for endoge-
nously produced fumarate) (Pinske et al. 
2012). Furthermore, because under these 
conditions the quinone pool should be fully 
reduced, it would make little sense to gener-
ate additional electrons from hydrogen 
oxidation. Conversely, the enzyme will very 
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rapidly reduce any traces of oxygen present 
in the periplasmic space. This is so because, 
under these conditions, O2 will constitute the 
only sink for H2-generated electrons. As dis-
cussed above, our crystal structure (Fig. 2.1b) 
and electron transfer rate calculations favor 
direct oxygen reduction to water as the main 
activity of this enzyme when anaerobic 
E. coli is exposed to this gas, according to 
the Knallgas reaction:

 O H H O2 2 22 2+ ®  (2.5)

As long as there is H2 being produced by 
EcHyd-3 from formate, EcHyd-1 will oxi-
dize it and use the resulting electrons to 
reduce O2 if any is present.

Several experiments have shown that 
EcHyd-1 cannot reduce low-potential artifi-
cial electron acceptors (Pinske et al. 2011). 
The enzyme, however, is capable of reducing 
nitroblue tetrazolium (NBT), a redox dye 
with E0’ = −80 mV (Pinske et al. 2012). This 
activity does not require the presence of the 
cognate membranous cytochrome b, indicat-
ing that the reduction is performed directly 
by the H2ase. The catalytic bias of EcHyd-1 
to hydrogen oxidation is related to its oxygen 
tolerance. Indeed, it has been shown that this 
enzyme has an overpotential of about 
+50 mV when compared to EcHyd-2 (Lukey 
et al. 2010). This overpotential also implies 
that the activity/inactivity switch of EcHyd-1 
is shifted to higher potentials than in the case 
of EcHyd-2. Conversely, this over-potential 
prevents EcHyd-1 from being able to reduce 
protons or low–potential dyes (Lukey et al. 
2010; Pinske et al. 2011).

The role of EcHyd-2 and the regulation of 
its expression are easier to rationalize. This 
enzyme, which resembles H2ases from sul-
fate–reducing bacteria in terms of its catalytic 
properties, is expressed under microaerobic 
and anaerobic conditions. Its physiological 
role is hydrogen uptake (Dubini et al. 2002). 
EcHyd-2 can use fumarate as electron accep-
tor and its expression correlates with fumarate 
respiration (Pinske et al. 2012). Conversely, 
nitrate is a repressor of the expression of this 
enzyme. EcHyd-2 shows low benzyl viologen 

(BV) reduction activity in cell extracts. By 
comparison, EcHyd-3 is very effective in 
reducing this dye, which, although not bio-
logically relevant, is related to the potentials at 
which this enzyme functions in proton reduc-
tion (Pinske et al. 2011).

VII. [NiFe]-Hydrogenase Maturation

The biosynthesis of the Ni-Fe active site is a 
complex energy-consuming and species- 
specific process. Moreover, when there are 
several hydrogenases in the same species, 
each of them has its own maturation machin-
ery. In the extensively studied biosynthetic 
pathway of EcHyd-3 (Böck et al. 2006) at 
least ten gene products are involved. The 
cyanide precursor H2NC(O)Pi (carbamo-
ylphosphate, here abbreviated CP) is pro-
duced by CP-synthetase from L-glutamine 
and bicarbonate in reactions 1–3 (Scheme 2.1), 
with concomitant consumption of two ATP 
molecules (Thoden et al. 1997). CP is con-
verted by HypF to H2NC(O)-AMP, also in an 
ATP-dependent reaction (reactions 4–5). 
After formation of a HypEF complex, of 
known structure (Shomura and Higuchi 
2012), the H2NCO group is transferred to the 
C-terminal cysteine of HypE (reaction 6). 
The resulting thiocarbamate is subsequently 
dehydrated in yet another ATP- dependent 
reaction to thiocyanate (reaction 7), followed 
by CN transfer to Fe bound to HypCD (reac-
tion 8) in a putative HypCDE complex 
(Watanabe et al. 2007). Reactions 1–8 are 
repeated for the transfer of a second CN 
ligand to Fe, whereas CO is provided by a so 
far unknown donor (Bürstel et al. 2011) in 
reaction 9. The resulting FeCO(CN)2 moiety 
is next transferred to apopreHycE (reaction 
10), followed by a SlyD-dependent Ni trans-
fer (Chung and Zamble 2011; Kaluarachchi 
et al. 2012) from the GTPase HypB (reaction 
11). Maturation is finished by the cleavage 
of a short C-terminal peptide of preHycE 
(reaction 12) by the endopeptidase HycI. The 
Ni insertion machinery further involves Ni 
transfer to HypB from the HypA carrier 
(reaction 15), which itself is charged with Ni 
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by an unknown donor (reaction 14). The 
donor of Fe to HypCD (reaction 10) is also 
unknown. Taking all the reactions into 
account, at least eight ATP molecules and 
one GTP are required to complete the active 
site maturation. However, given the incom-
plete characterization of the pathways for 
metal transfer and production of the CO 
ligand, the actual energy requirements could 
be significantly higher.

Significant insight into the molecular 
aspects of the EcHyd-3 large subunit matu-
ration has been provided by the X-ray struc-
ture determinations of HypA, HypB, HypC, 
HypD, HypE, HypF, HycI and SlyD 
(Watanabe et al. 2009; Xia et al. 2009; 
Gasper et al. 2006; Chan et al. 2012; 
Watanabe et al. 2007; Shomura et al. 2007; 
Rangarajan et al. 2008; Shomura and Higuchi 
2012; Petkun et al. 2011; Kumarevel et al. 
2009; Loew et al. 2010), but some details 
remain unclear. In addition, although apo
pre HycE has been generally assumed to be 
devoid of metal, a recent report suggests that 

a mutant of HybC, the homologous unpro-
cessed large subunit of EcHyd-2, may actu-
ally contain a labile [Fe4S4] cluster at the 
active site position in the mature subunit 
(Soboh et al. 2012). If this were also the case 
for the native, unprocessed subunit, an addi-
tional step would be needed involving 
removal of the cluster, before incorporation 
of the Ni-Fe site.

An interesting aspect is the sensitivity of 
the maturation process towards oxygen. In the 
maturation of the O2-tolerant ReMBH, extra 
gene products are involved that allow produc-
tion of active enzyme under aerobic condi-
tions (Fritsch et al. 2011a). The same applies 
to SeHyd-5, the homologous O2- tolerant 
hydrogenase-5 of Salmonella enterica serovar 
Typhimurium (Parkin et al. 2012). However, 
the latter organism also produces an O2-
tolerant Hyd-1 that, like the related EcHyd-1 
enzyme, is only expressed under anoxic con-
ditions. The maturation of these enzymes is 
most likely O2-sensitive, because it does not 
involve gene products related to those used 
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for ReMBH and SeHyd-5 maturation, under 
air. In conclusion, aerobic production of O2-
tolerant [NiFe]-hydrogenases requires O2-
tolerant maturation.

VIII. Biotechnological Applications

Using electrochemistry, Vincent and collab-
orators (2005a, b, 2007) have studied mech-
anisms of catalysis, electron transfer, 
activation and inactivation, and defined 
important properties such as O2 tolerance 
and CO resistance of H2ases in physical 
terms. These enzymes are alternatives to 
noble metals for the production of hydrogen 
from solar energy (Jones et al. 2002). The 
latter are nonselective and can be poisoned 
by environmental pollutants whereas the 
enzymes are highly specific and relatively 
resistant. Like Pt, H2ases produce hydrogen 
with minimal overpotential and are catalyti-
cally very efficient. For that reason, these 
enzymes are promising targets for develop-
ing new catalysts with biotechnological 
applications.

A. Membrane-Bound [NiFe]-Hydrogenase

The oxygen–tolerant hydrogenase from 
Ralstonia metallidurans CH34 and the 
fungal O2-reductase laccase have been 
adsorbed to graphite electrodes to build an 
open bio–fuel cell that could generate 
electricity from 3 % hydrogen, under nor-
mal atmospheric conditions and in aque-
ous solution (Vincent et al. 2005a, 2006). 
This setup was shown to be capable of 
powering a wristwatch for several hours. 
Although the hydrogenase had to be acti-
vated after a few hours, this experiment 
has opened the possibility of powering 
electronic devices using low hydrogen 
concentrations in air. Because of the very 
high specificity of the enzymes, which is 
not the case of Pt that catalyzes both the 
anodic and cathodic sides of the reaction, 
no costly membrane is required in the fuel 
cell setup (Fig. 2.5a).

B. [NiFeSe]-Hydrogenase

Reisner et al. (2009) and Reisner and 
Armstrong (2011) have carried out a system-
atic study of enzyme efficiency by coupling 
colloidal semi-conductor TiO2 nanoparticles 
with a synthetic ruthenium photosensitizer 
to different H2ases. When a H2ase is attached 
to an n-type semiconducting surface, rather 
than to a metallic or semi- metallic material 
like graphite, the direction of catalysis can 
be altered with a bias towards reduction reac-
tions. This is convenient in the case of hydro-
gen production. The work by Reisner et al. is 
a proof of concept: the dye injects an elec-
tron into the conduction band of TiO2 when 
exposed to visible light. This, in turn, oxi-
dizes the dye and reduces TiO2, which trans-
fers electrons directly to the adsorbed H2ase 
that reduces protons to molecular hydrogen. 
A sacrificial electron donor reduces the 
dye, closing the cycle (Fig. 2.5b). Reisner 
et al. (2009) and Reisner and Armstrong 
(2011) concluded that the most efficient avail-
able system included the [NiFeSe]-H2ase 
from Dm. baculatum and the tris(bipyridyl)
ruthenium photosensitizer RuP. The latter 
fulfills several requirements including (1) an 
absorption band in the visible spectrum, (2) 
stable attachment to TiO2, (3) efficient charge 
separation and (4) long-term stability upon 
irradiation. Conversely, the choice of Dm. 
baculatum H2ase was determined by several 
factors: (1) it has good hydrogen production 
activity; (2) it can be rapidly reactivated at 
low potentials after O2–induced inactivation; 
(3) it can operate in the presence of about 
1 % O2 and (4), there is significant proton 
reduction even at 5 % H2, which is usually 
inhibitory to H2ases. However, these charac-
teristics are not enough to render a H2ase opti-
mal for hydrogen production. A simple 
calculation indicates that the distal [Fe4S4] 
cluster of Dm. baculatum H2ase is surrounded 
by a negatively charged surface patch. Thus, 
the interaction between the enzyme and the 
TiO2 particle is mostly controlled by local-
ized polar interactions rather than overall 
electrostatic interactions. As a conclusion, the 
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Fig. 2.5. (a) A bio-fuel cell comprising a graphite cathode modified with high potential fungal laccase and a 
graphite anode modified with the O2-tolerant membrane-bound hydrogenase of Ralstonia metallidurans CH34 
in aqueous electrolyte under an atmosphere of 3 % H2 in air (Adapted from Vincent et al. 2005a); (b) Schematic 
representation of visible-light driven H2 evolution with [NiFeSe]-H2ase attached to RuP dye sensitized TiO2 
nanoparticles. Excitation by visible light in the presence of a sacrificial electron donor (Donor), causes RuP 
to inject an electron into the conduction band of the semi-conductor TiO2. The electrons, which are transferred 
directly to the adsorbed [NiFeSe]-H2ase, reduce H+ from the buffered aqueous solution generating H2. The three 
[Fe4S4]-clusters (indicated in the figure) form a “wire” responsible for electron transfer to and from the active site 
of the [NiFeSe]-H2ase. The structure of the sensitiser RuP is also shown (left side). Two cycles are required to 
generate a H2 molecule (Adapted from Reisner et al. 2009).

authors found that Dm.  baculatum H2ase has 
the very well suited property of being 
titaniaphilic. Taken together, these results 
should play an important role in the future 
design and assembly of robust H2ase-

nanoparticle devices including mesoporous 
3D electrodes for enzyme–fuel cells or bio-
sensors. The production of hydrogen at room 
temperature from neutral water without 
redox–mediators represents a significant 
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step towards the development of an artificial 
system mimicking photosynthetic green 
algae. In a related approach, Lubner et al. 
(2010) have connected photosystem I (PS I) 
and an [FeFe]-H2ase and have assayed elec-
tron transfer between the two components 
via light-induced H2 generation.

C. Bio-inspired Artificial Hydrogen  
Catalysts

Helm et al. (2011) have reported on which 
may be the most efficient bio-inspired cata-
lyst synthesized so far. It is the synthetic 
nickel complex, [Ni(P(Ph)2N(Ph)2)](BF4)2, 
(P(Ph)2N(Ph)) = 1,3,6-triphenyl-1-aza-3,6- 
diphosphacycloheptane, which catalyzes the 
production of H2 with protonated dimethyl-
formamide as the proton donor. Turnover 
frequencies of 106,000 per second have been 
obtained in the presence of 1.2 M of water. 
This remarkably fast catalyst combines fea-
tures of the two major types of H2ases: a Ni 
ion ([NiFe]-H2ase) and pendant amines that 
function as proton relays ([FeFe]-H2ases). A 
computational study on a related compound 
suggests that proton transfers between the 
amine nitrogen and the nickel are favored 
relative to a direct nitrogen-to-nitrogen pro-
ton transfer (O’Hagan et al. 2011). This 
result supports our proposition that the 
bridgehead atom of the thiolate-containing 
small molecule at the [FeFe]-H2ase active 
site is nitrogen (Nicolet et al. 2001).

IX. Conclusions

The structural studies of [NiFe]-H2ases have 
shed considerable light on the catalytic 
mechanism of hydrogen uptake and proton 
reduction. Both processes are of biotechno-
logical interest and are the subject of very 
active research. One major goal in this field 
is the coupling of solar energy to hydrogen 
production. The O2-resistant [NiFeSe]-H2ase 
has proven to be a very effective H2 producer 
thanks to its very high affinity for TiO2 
particles. Another promising domain is the 
use of the O2-tolerant enzymes in bio-fuel 

cells although the relative fragility of these 
molecules limits their application at present 
time. Maybe more importantly, the active 
sites of hydrogenases have inspired the syn-
thesis of novel catalysts with very good per-
formances. In addition, structural strategies 
such as the one employed by the [Fe4S3] clus-
ter of the O2-tolerant [NiFe]-H2ases, which is 
capable of two-electron redox chemistry, 
should also inspire new ways of designing 
synthetic catalysts for hydrogen oxidation.
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Summary

Hydrogenases are efficient biological catalysts of H2 oxidation and production. Most of them 
are inhibited by oxygen, and a prerequisite for their use in biotechnological applications 
under air is to improve their oxygen tolerance. A few bacteria, however, contain  hydrogenases 
that activate H2 even in the presence of O2. Intriguingly, molecular, kinetic and spectroscopic 
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I. Introduction

Climate change, along with the rapid deple-
tion of oil and gas reserves, prompt the 
world to turn to a search for a clean energy 
sources to provide the energy necessary for 
present and projected human activities. A 
variety of possible fuel sources are being 
examined at present. Among these, dihydro-
gen (H2) has been identified as a clean and 
renewable energy carrier and is found to be 
one potential alternative to fossil fuel energy 
and has drawn a worldwide attention as a 
future energy source (Mason 2007). 
Interestingly, the pioneering notion of a 
“Dihydrogen Energy System” drew inspira-
tion from the French science-fiction novel 
“The mysterious Island” by Jules Vernes 
(1874), where the idea of using H2 as an 
energy carrier first appeared. However, over 
90 % of the production of H2 remains based 
upon steam reforming of hydrocarbons and 
coal gasification, which starts from fossil 
fuels and requires high temperature and 
pressure conditions. So, a sustainable, 
renewable supply of H2 to power this econ-
omy is required. Alternative methods of H2 
generation include electrolysis of water and 
biological means. The development of new 

biotechnological processes, designed to 
meet the future energy demand, may take 
advantage of microbes that have been using 
H2 from very early in the evolution of life 
(Perez-Arellano et al. 1998; Andersson and 
Kurland 1999). Many organisms including 
some Bacteria, Archaea and unicellular 
eukaryotes have an active H2 metabolism, 
utilizing the cleavage of H2 to gain energy, 
or H2 production to release reducing power 
(Casalot and Rousset 2001). It has been esti-
mated that these microorganisms produce or 
consume more than 200 million tons of H2 
per year (Richardson and Stewart 1990). 
These processes, carried out by hydrogenase 
occur via the  inter- conversions between the 
molecular hydrogen and two protons plus 
two electrons (H2 ↔ 2H+ + 2e−).

In this sense, an outlook in the produc-
tion of hydrogen from water and light 
energy would be to use photosynthetic 
microorganisms, such as cyanobacteria and 
green algae (Antal et al. 2011; Carrieri et al. 
2011). Green algae have many areas of 
potential improvements that often overlap 
with those of cyanobacteria and are cur-
rently recognized as better photobiological 
hydrogen producers from a demonstrated 
solar efficiency standpoint (Ghirardi et al. 
2009). In principle, there is absorption of 
light in the form of photons by the photo-
system which are going generate a strong 
oxidant that can oxidize water into protons, 
electrons/reducing equivalents and O2. 
Thereafter, the electrons reduce protons to 
form H2, carried out by hydrogenases 
(Fig. 3.1). In this sense, photosynthetic 
 production of H2 using water as a source of 
electrons and sunlight as the source of 
energy, driving proton reduction, is the 
most desirable process. Both water and 
light are available to an almost unlimited 

studies lead to assume that different mechanisms might be responsible for the resistance, 
depending on the enzyme type. In order to better understand the molecular bases of resis-
tance to O2 inhibition, this chapter focuses on the hydrogenases and their reaction with O2 

and examines the different strategies to lead to engineer kinetically efficient hydrogenases 
operating under aerobic conditions.

Abbreviations: DFT – Density function theory;  
ENDOR – Electron nuclear double reso-
nance; EPR – Electron paramagnetic resonance; 
EXAFS – Extended X-Ray absorption fine struc-
ture; Fd – Ferredoxin; FHL – Formate hydro-
gen lyase; FNR – Ferredoxin NADPH reductase; 
FTIR – Fourier Transform InfraRed spectroscopy;  
Hmd – H2-forming methylenetetrahydromethanop-
terin dehydrogenase; MBH – Membrane-bound 
hydrogenase; PFV – Protein film voltammetry; RH – 
Regulatory hydrogenase; SH – Soluble hydrogenase; 
SHE – Standard hydrogen electrode; WT – Wild type;

Marc Rousset and Pierre-Pol Liebgott



45

extent and in addition to H2 only O2 is 
formed, whereas greenhouse gases are 
avoided. Moreover, photosynthetic produc-
tion of H2 is potentially very efficient in 
terms of energy conservation, since 10 % of 
the incident light energy can theoretically 
be recovered into H2 (Prince and Kheshgi 
2005). For example, an average sun-light 
flux of 46 Mwh/ha/day can be converted, 
with a 10 % yield, in 1,650 m3 of H2 per 
hectare per day, which represents 145 TOE 
(ton of oil equivalent) per hectare per year.

In addition to being used to the in vivo H2 
production, hydrogenases are known to be 
used in a variety of biotechnological applica-
tions including biofuel cells, biosensors, pre-
vention against microbial-induced corrosion, 
and the generation and regeneration of 
NAD(P) cofactors. In the case of biofuel 
cell, the nature of the hydrogenases has 
inspired researchers worldwide to use them 
as biocatalysts predominantly to replace 
platinum electrode in hydrogen fuel cells 
(Fig. 3.2). Indeed, platinum is limited in 
availability and very expensive and therefore 
the use of hydrogenases would be good can-
didates to replace this precious metal in fuel 

cells. Moreover the hydrogenase-coated 
electrode confers greater fuel specificity and 
turnover rates than the platinum and it could 
be used to as an alternative to allow opera-
tion of biofuel cells at neutral pH and  ambient 
temperatures, which are the conditions much 
more favorable for the handling of fuel cells 
(Ikeda and Kano 2001; Morozov et al. 2002).

Most applications of H2-oxidizing and 
H2- producing catalysts require them to func-
tion in air. For example, an O2-stable H2- 
production catalyst is an essential compo-
nent for the photobiological production of 
H2, a device that uses solar energy to split 
water into H2 and O2. Similarly, use of 
hydrogenases in biofuel cells requires them 
to remain active in the presence of O2 since 
biofuel cells must work necessarily with O2 
(Figs. 3.1 and 3.2). However, the major bar-
rier of developing an economically viable 
systems, is the oxygen sensitivity of the vast 
majority of hydrogenases because their 
active site react strongly with O2 (Cournac 
et al. 2004; Léger et al. 2004; Oh et al. 2011).

At present, structure function relationship 
studies in hydrogenases have mainly 
remained in the basic research realm, aimed 

Fig. 3.1. H2 production by cyanobacteria and algae. Water (bold) is oxidized to O2 by photosystem II (PSII) 
and electrons are transferred to photosystem I (PSI) via the plastoquinone pool (PQ). Photosystem I transfers 
electrons to ferredoxin (Fd) which can donate electrons to [FeFe]-hydrogenase (H2ase) in algae or to nitrogenase 
(N2ase) in some cyanobacteria. Fd electrons can also be transferred to NAD(P)+ by a ferredoxins NAD reductase 
(FNR). NAD(P)H can donate electrons to [NiFe]-hydrogenase in cyanobacteria.

3 Engineering Hydrogenases for H2 Production
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at understanding the enzyme catalytic mech-
anism (De Lacey et al. 2005). In order to 
obtain a sufficient level of enzyme efficiency 
and robustness for technological purposes, 
hydrogenases must be functionally opti-
mized by improving efficiency H2-oxidation 
or production while improving O2 tolerance. 
These challenges can be approached through 
genetic engineering by two different strate-
gies: at the cellular level, by metabolic engi-
neering, it is possible to create favorable 
conditions to improve the H2-production by 
deletion of hydrogen-uptake system (Liang 
et al. 2009), in inserting of non native 
hydrogenases more efficient and tolerant to 
O2 (Wells et al. 2011) or to simply avoid O2 
exposure (Kruse et al. 2005; Rupprecht et al. 
2006; Henstra et al. 2007). At the enzyme 
level, by protein engineering, the goal will be 
to improve hydrogenases so that they can 
outcompete other enzymes for substrate uti-
lization, use of a thermodynamically more 
favorable substrate or become more O2- 
tolerant. In this chapter, we will review 
hydrogenase structure-function relationship 
studies in which new properties of modified 
enzymes might serve as an inspiration source 
for rational optimization of hydrogenases for 
biotechnological processes.

In the first part, we will describe the 
 different hydrogenases, and then we focus on 

these which are naturally O2-tolerants. 
Thereafter, we will process the engineering 
approaches in three parts: (1) Improving H2 
production by heterologous expression of 
non-native hydrogenases or their over- 
expression. (2) Improving the electron trans-
fer by increasing the substrate specificity or 
redirect redox intermediates. (3) Engineering 
protein to improve the tolerance of the 
hydrogenases to O2.

II. Classification and Physiological 
Properties of Hydrogenases

Hydrogenases are metalloproteins which are 
involved in the metabolic machinery of a 
wide variety of microorganisms by catalyz-
ing the reversible heterolytic splitting of 
dihydrogen according to the elementary 
reaction: H2 < == > H− + H+ < == > 2H+ + 2e−.

Since 1931, when hydrogenases were 
described by Stephenson and Stickland, 
extensive research has been conducted in 
this area. Biochemical, spectroscopic, 
phylogenetic studies made possible to 
separate three groups of hydrogenases on 
the basis of the metal content of their 
active site: [Fe]-, [FeFe]- and [NiFe]-
hydrogenase (Vignais et al. 2001; Cournac 
et al. 2004).

Fig. 3.2. Working principle of biofuel cells using [NiFe]-hydrogenases at the anode.
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A. Generalities

The three classes of hydrogenases are evolu-
tionarily unrelated but share similar nonpro-
tein ligand assemblies at their active site that 
are not observed elsewhere in biology. They 
all contain a complex active-site cofactor 
that consists of at least one Fe atom coordi-
nated by varying numbers of cysteine-S 

ligands and biologically unique carbon 
 monoxide (CO) and in most cases additional 
cyanides (CN) ligands (Fig. 3.3). Therefore, 
this structure Fe(CO)2 or Fe(CO-CN) likely 
represents the minimal cofactor making 
hydrogenase activity possible. These metal 
cofactors are synthesized in a coordinated 
 post- translational process that involves up to 
nine hydrogenase-specific auxiliary proteins 

Fig. 3.3. Structure of [NiFe]-hydrogenase, [FeFe]-hydrogenase and [Fe]-hydrogenase. Panel (a) shows a struc-
tural model of the periplamsic [NiFe]-hydrogenase from D. fructosovorans (1YQW). The active site is buried in 
the large subunit (purple) whereas the small subunit contains three consecutive iron-sulfur clusters (light blue). 
Panel (b) shows the structure of [FeFe]-hydrogenase of C. pasteurianum (CpI: 3C8Y). All cofactors (active site 
and iron-sulfur) are localized in the same subunit (blue). The PyMOL Molecular Graphics System was used for 
visualization. The lower part of the figure shows the catalytic centers of three hydrogenases. The extremity of 
hydrophobic channels for gas diffusion were computed using Caver2.0 and appear as gray meshes for the panels 
a and b. Panel (a) residues, component the entrance gate of gases, are indicated in red and the multiple sequence 
alignment (ClustalW) of some [NiFe]-hydrogenase large subunits, is presented.

3 Engineering Hydrogenases for H2 Production
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(Böck et al. 2006; Lenz et al. 2010; Mulder 
et al. 2011). In the bimetallic hydrogenases 
the active-site cofactor is electronically cou-
pled to FeS clusters that direct the electrons 
from the active site to the protein surface or 
from an external electron donor to the active 
site. Moreover, analysis of crystals structure 
from all three classes of hydrogenases 
revealed a network of hydrophobic cavities 
and channels (Fig. 3.3), or packing defects 
that form pathways connecting the active site 
to the surface of the enzyme (Volbeda et al. 
1995; Montet et al. 1997; Nicolet et al. 1999, 
2002; Fontecilla-Camps et al. 2007; 
Hiromoto et al. 2009; Mulder et al. 2011; 
Hong and Pachter 2012; Nicolet and 
Fontecilla-Camps 2012). Molecular dynam-
ics simulations and xenon mapping of 
[NiFe]-hydrogenases show that these chan-
nels facilitate the diffusion of H2 between the 
bulk of solvent and the active site (Montet 
et al. 1997; Cohen et al. 2005; Fontecilla- 
Camps et al. 2007; Leroux et al. 2008; 
Liebgott et al. 2010; Topin et al. 2012). In 
addition, the pathways can facilitate diffu-
sion of small gas molecules such as CO and 
O2 to access the active site, which in the case 
of CO leads to a reversible inhibition and in 
the case of O2, to complete but non destruc-
tive inhibition.

The redox chemistry of hydrogenases is 
rich and involves many intermediate states, 
as beside catalyzing H2 oxidation/produc-
tion, they can also interact with gaseous mol-
ecules (i.e. CO, O2) and become inhibited. It 
is thus important to gain an understanding 
into how hydrogenases catalyze H2 produc-
tion and oxidation, to determine the mecha-
nisms by which they are inactivated under 
oxidizing conditions and how they may 
become re-activated. A combination of spec-
troscopic and electrochemical methods has 
provided structural knowledge on the oxi-
dised and reduced forms of the enzyme, 
namely electron paramagnetic resonance 
(EPR) spectroscopy, Fourier transform infra-
red (FTIR) spectroscopy and protein film 
voltammetry (PFV).

EPR is a spectroscopic technique widely 
used to study the hydrogenase. This technique 

allows the detection of chemical species that 
have unpaired electrons designated as para-
magnetic. A large number of molecules con-
tain such paramagnetic atoms such as nickel 
at the active site, or the iron atoms of the 
iron-sulfur centers in [NiFe]-hydrogenases. 
Upon reduction or oxidation, the metal atoms 
of the prosthetic groups go through several 
redox states and in some of these states, they 
become paramagnetic and can unambigu-
ously be identified by their corresponding 
EPR spectrum. Magnetic coupling between 
these atoms also provide information of the 
active or inactive states.

Another powerful method for monitoring 
reactions at the active sites of hydrogenases 
is infrared spectroscopy. This is an unusual 
technique to use for studying enzymes, but 
for hydrogenases it exploits the fact that CN− 
and (particularly) CO are strong infrared- 
active vibrational oscillators and their 
stretching frequencies appear in a spectral 
window where the rest of the protein and 
water do not absorb.

Beside spectroscopic studies that provide 
thermodynamic information at equilibrium 
states, kinetic parameters have equally been 
studied using protein film voltametry (PFV), 
where the hydrogenase is adsorbed to an 
electrode and its activity directly measured 
by electron transfer through the electrode 
under oxidizing or reducing potentials  during 
gas exposure (Inhibitors: CO, O2 or sub-
strate: H2) (Vincent et al. 2007; Armstrong 
et al. 2009).

B. Classification

1. [Fe]-Hydrogenase (EC 1.12.98.2)

This type of enzyme was found only in a 
small group of methanogenic Archaea and 
has been described for the first time in 
Methanothermobacter thermoautotrophicum 
(Zirngibl et al. 1992). This enzyme catalyzes 
CO2 reduction to methane using H2 (Vignais 
and Billoud 2007). Based on the metal con-
tent of their active site, although in the past 
they were considered as metal-free hydroge-
nases, they have been recently designated as 
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“iron-sulfur-cluster free hydrogenase” or 
simply [Fe]-dihydrogenases (Armstrong 
and Albracht 2005). This enzyme is also 
known as H2-forming Methylenetetra-
hydromethanopterin Dehydrogenase (Hmd) 
(Corr and Murphy 2011). The structure of 
the active site and functional models have 
been reported in 2008 (Shima 2008; 
Hiromoto et al. 2009). This hydrogenase 
differs from the others hydrogenases not 
only by the primary and tertiary structures 
but also by the fact that the iron, required 
for enzyme activity is not redox active. 
Furthermore, the hydrogenase activity is 
rapidly lost under aerobic conditions and in 
presence of light (Lyon et al. 2004) which 
would make the isolation and the character-
ization very difficult.

2. [FeFe]-Hydrogenase (EC 1.12.7.2)

[FeFe]-hydrogenase have been found mainly 
in Gram positives and in eukaryotes, as well as 
in few anaerobic Gram negative (Atta and 
Meyer 2000; Horner et al. 2000, 2002). It 
should be emphasized that these are the only 
type of hydrogenase that is found in eukary-
otes but that is absent in the Archaea domain 
(Cournac et al. 2004). In this sense, the hydrog-
enases present in eukaryotic microorganisms 
(Green algae) are [FeFe]-hydrogenases only. 
Generally, [FeFe]-hydro genases are usually 
involved in H2 production but they were also 
reported to function as an uptake hydrogenase. 
Indeed, the location of hydrogenases in the 
bacterial cell reflects the enzyme’s function 
(Nicolet et al. 2000). For instance, the peri-
plasmic Desulfovibrio desulfuricans [FeFe]-
hydrogenase (DdH) is involved in dihydrogen 
uptake. Protons resulting from this dihydro-
gen oxidation create a gradient across the 
 membrane that is thought to be coupled to ATP 
synthesis in the cytoplasm. Clostridium pas
teurianum [FeFe]-hydrogenase I (CpI) is a 
cytoplasmic enzyme that accepts electrons 
from ferredoxin and generates dihydrogen 
with protons as electron acceptors.

The only [FeFe]-hydrogenase structures 
from anaerobic soil bacterium Cl. pasteur
ianum (CpI) (Peters et al. 1998) (pdb code 

1FEH and 3C8Y) and sulfate reducing 
 bacterium D. desulfuricans (DdH) (Nicolet 
et al. 1999) (pdb code 1HFE) revealed an 
unique active site metal cluster, termed as 
the H-cluster, where catalysis takes place. 
The H-cluster is composed of a binuclear 
[2Fe]H center bound to a [4Fe-4S]H subclus-
ter by a bridging cystein, the [4Fe-4S] cen-
ter is attached to the protein by four cystein 
ligands. The [2Fe]H center is coordinated by 
five diatomic CN− and CO ligands, as well 
as a non protein dithiomethylamine ligand 
(Fig. 3.3b). Molecular masses of [FeFe]-
hydrogenases can vary from 45 to 130 kDa 
according to the number of subunits. [FeFe]-
hydrogenases are mainly monomeric and 
contains only one catalytic subunit, but they 
often comprise additional domains, which 
accommodate FeS clusters. For example in 
the [FeFe]-hydrogenase I from Cl. pasteur
ianum (CpI), three accessory [4Fe4S] clus-
ters and one [2Fe2S] cluster are believed to 
transfer electrons between the electron 
donor or acceptor at the protein surface and 
the active site at the center of the protein 
(Nicolet et al. 2002; Nicolet and Fontecilla-
Camps 2012). Contrarily, the simplest 
 characterized [FeFe]-hydrogenases are 
observed in the green algae, including 
Chlamydomonas reinhardtii, Chlorella 
fusca, and Scenedesmus obliquus, which 
express enzymes consisting of only the 
H-cluster without FeS-cluster domains 
(Florin et al. 2001; Horner et al. 2002; 
Forestier et al. 2003). These proteins have 
been exploited more recently for biochemi-
cal and spectroscopic characterization 
because they lack the additional FeS clus-
ters observed in most native [FeFe]-
hydrogenases that may complicate the direct 
examination of the H-cluster (Kamp et al. 
2008; Silakov et al. 2009; Stripp et al. 2009; 
Mulder et al. 2011).

Even though [FeFe]-hydrogenases may 
appear as the best suited for hydrogen pro-
duction purposes, enzyme engineering stud-
ies for these enzymes are still poorly 
developed because of their great sensitivity 
to oxidative damage, which makes any bio-
chemical characterization very uncertain.
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a. Reaction with O2 and CO

In most [FeFe]-hydrogenases, oxygen inhib-
its the enzyme, possibly by binding to the 
open coordination site on the distal Fe of the 
[2Fe]H center, then form a reactive oxygen 
species that destroys the [4Fe4S]H subcluster. 
This distal Fe would be equally the hydrogen 
binding site and also the site of reversible 
CO binding and inhibition (Stripp et al. 
2009). The chemical nature of the oxygen 
species bound to the H-cluster after the expo-
sure to O2 is not known, but density function 
theory (DFT) calculations on inactivated 
states of the H-cluster have proposed a FeII-
FeII oxidation state for the [2Fe]H center, with 
a possible OH group terminally bound to the 
distal Fe (Liu and Hu 2002).

Oxygen inactivation has been studied 
using protein film electrochemistry and it 
was shown that the rate of inhibition of 
[FeFe]-hydrogenases would be limited by two 
steps: (1) the diffusion of oxygen through the 
protein to the active site pocket, and (2) the 
binding of oxygen to the [2Fe]H subcluster 
(Armstrong et al. 2009).

Interestingly, the level of O2 inhibition 
varies among [FeFe]-hydrogenases, with I50 
values ranging from less than a few seconds 
for Chlamydomonas reinhardtii enzymes, 
to several minutes for the clostridial 
enzymes (Böck et al. 2006; Baffert et al. 
2008). Algal hydrogenases, which lack the 
additional accessory cluster domain found 
in bacterial enzymes, are typically more 
sensitive to O2 inhibition than are the 
enzymes isolated from bacteria. However, it 
is clear that this elevated sensitivity is not 
solely due to the lack of the N-terminal 
accessory cluster (Böck et al. 2006; Stripp 
et al. 2009).

3. [NiFe]-Hydrogenase (EC 1.12.2.1)

The most numerous and best studied class of 
hydrogenases have been the [NiFe]-
hydrogenases. This type of enzyme was 
found in Bacteria and Archaea domains. The 
core enzyme consists of two subunits; the 
large subunit is approximately 60 kDa and 

houses the Ni-Fe-active site, whereas the 
small subunit, of approximately 35 kDa, 
which can be of variable size and harbors 
typically three iron-sulfur clusters (Fig. 3.3a): 
a distal [4Fe-4S] cluster at the surface of the 
protein and furthest from the active site; 
a medial [3Fe-4S] cluster; and a proximal 
Fe-S cluster, with variable properties, the 
closest to the active site. The large and small 
subunit exhibit sequence homologies to 
subunits of NADH:ubiquinone oxidoreduc-
tase (Complex I) (Volbeda et al. 2012). In 
certain enzymes, additional subunits enable 
the interaction of these clusters with physio-
logical electron carriers such as quinones, 
pyridine nucleotides (NAD(P)H), ferredox-
ins, and cytochromes (Cournac et al. 2004). 
Crystal structure analysis of heterodimeric 
[NiFe]-hydrogenases from Desulfovibrio 
species (Volbeda et al. 1995, 2002; Higuchi 
et al. 1997; Matias et al. 2001) (Fig. 3.3a), and 
photosynthetic bacterium Allochromatium 
vinosum (Ogata et al. 2010), revealed that 
the Ni-Fe cofactor is deeply buried in the 
large subunit. The Ni is coordinated to the 
protein via four thiol groups from conserved 
cysteine residues; two of these are bridging 
ligands that coordinate both Fe and Ni 
(Volbeda et al. 1995, 2002; Higuchi et al. 
1997; Matias et al. 2001). Fourier Transform 
Infrared spectroscopy revealed that the Fe 
coordination sphere also possesses three 
diatomic ligands: one CO and two CN mole-
cules (Volbeda et al. 1996; Pierik et al. 1999). 
The sixth iron coordination position is 
assumed to be occupied by a bridging hydride 
between iron and nickel (Pardo et al. 2006; 
De Lacey et al. 2007). Hydrophobic cavities 
which channel the gas substrate between the 
protein surface and the active site (Fig. 3.3a) 
(Montet et al. 1997; Volbeda et al. 2002; 
Teixeira et al. 2006) as well as a proton-
conducting channel (Léger et al. 2004) were 
identified inside the hydrogenase.

a. Classification

Based on their primary protein sequences the 
[NiFe]-hydrogenases have been categorized 
into four different groups (Table 3.1): Group 
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I, H2-uptake enzymes, localized in the bacte-
rial or archaeal cell membrane, are primarily 
involved in H2 oxidation; Group II, (a) cya-
nobacterial uptake [NiFe]-hydrogenases, 
whose location is cytoplasmic and which are 
involved in N2 fixation and (b) H2 regulatory 
hydrogenases or hydrogenase sensors, which 
detect the presence of H2 in the environment 
and trigger a cascade of regulation control-
ling the synthesis of hydrogenases; Group 
III, cytoplasmic bidirectional enzymes, these 
water soluble multi-protein complexes are 
dependent on NAD(P)H or NAD(P)+ as 
cofactors; Group IV, energy conserving H2- 
evolving hydrogenases, these membrane- 
associated hydrogenases generate H2 from 
reduced ferredoxin with the concomitant 
generation/utilization of an ion gradient 
(Vignais and Billoud 2007).

b. Reaction with O2 and CO

It can be stated, as a general rule, that hydrog-
enases of either type are inhibited by O2, but 
individual sensitivities can vary in a wide 
extent. Thus, [NiFe]-hydrogenases are con-
sidered to be more robust than [FeFe]-

hydrogenases because they can be totally 
reactivated after inhibition by O2. In the case 
of [NiFe]-hydrogenases, O2 has also been 
shown to oxidize directly the bimetallic 
active site (van der Zwaan et al. 1990) but 
the difference with [FeFe]-hydrogenases is 
that [NiFe]-hydrogenases are not damaged 
by O2 as they can be reactivated by reduc-
tion. X-ray diffraction studies showed that 
the main structural difference between oxi-
dized and reduced states of the active site is 
that oxygen species bridge the metals in the 
oxidized state (Garcin et al. 1999; Carepo 
et al. 2002; Volbeda et al. 2005). Therefore, 
reductions of the oxidized states are trig-
gered by the removal of the bridging oxygen 
species, which allows H2 to bind to the active 
site and catalytic turnover. Studies of EPR 
revealed that oxidized enzyme may exist 
under two different states which have been 
called Ni-A and Ni-B (Fig. 3.4). Another 
very important feature, that differentiates 
Ni-A and Ni-B is their reactivation kinetics 
(Cammack et al. 1986). Ni-B is called the 
‘ready’ state because it quickly becomes 
active upon reduction, while Ni-A is called 
the ‘unready’ state because it needs a long 

Table 3.1. Classification of [NiFe]-hydrogenases and physiological activities (Modified from Vignais and Billoud 
2007).

Group Function Physiological activity Microorganisms

I Membrane-bound H2 
uptake hydrogenases

Energy conservation D. fructosovorans, A. aeolicus, R. eutro
pha H16, E. coli

IIa “Cyanobacterial” 
uptake hydrogenases

Energy conservation Anabaena variabilis, Nostoc sp. 
PCC7120, A. aeolicus

IIb Regulatory hydrogenase H2-sensing components in genetic 
regulation of hydrogenase 
expression

R. eutropha, Thiocapsa roseopersicina

IIIa F420-reducing 
hydrogenases

Energy conservation Methanogens only (Methanothermobacter 
marburgensis)

IIIb NADP-reducing Energy conservation/
Fermentation

Thiobacillus denitrificans, Pyrococcus 
furiosus, Thermococcus kodakarensis

IIIc F420-non reducing Energy conservation Geobacter sulfureducens, Geobacter 
metallidurans, Methanococcus voltae

IIId Bidirectional 
NAD(P)-reducing

Energy conservation T. roseopersicina, Synechocystis sp. 
PCC6308, R. eutropha H16,  
D. fructosovorans

Redox poising

IV Membrane bound 
H2 evolving 
hydrogenases

Energy conserving, membrane 
associated H2 evolving 
hydrogenase

P. furiosus, T. kodakarensis, 
Methanosarcina barkeri, E. coli
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period of incubation under reducing 
 conditions before becoming active. This is 
illustrated by PFV experiments conducted 
on the Allochromatium vinosum [NiFe]-
hydrogenase. After inactivation by O2, the 
enzyme is reactivated by reduction at low 
potential under H2 (Lamle et al. 2004). For 
example at -208 mV (SHE) and pH 6, the 
reactivation process occurs in two phases: a 
fast (instantaneous) phase corresponding to 
the reactivation of the Ni-B state and a slower 
phase (several hundreds of seconds) assigned 
to Ni-A. FTIR- spectroelectrochemical stud-
ies of different hydrogenases indicated that 
one-electron reduction of Ni-A and Ni-B 
leads to two different states: Ni-A leads to 
the Ni-SU state, and Ni-B leads to Ni-SI (De 
Lacey et al. 2007). The enzyme in the Ni-SI 
state is active, whereas the Ni-SU state is 
still inactive (De Lacey et al. 2007). The rate-
limiting step of the reactivation process is 
the a gradual and spontaneous conversion of 
the Ni-SU to the active Ni-SI state (Lamle 
et al. 2005) (Fig. 3.4).

As regards the structures in either oxi-
dized state, this stir up still a matter of 
debate. Indeed, X-ray diffraction, (Volbeda 
et al. 1995, 2002) EPR (van der Zwaan 
et al. 1990), ENDOR (Carepo et al. 2002; 
van Gastel et al. 2006) and EXAFS 
(Davidson et al. 2000) data indicate that in 
both states an oxygen species is bridging 
nickel and iron atoms (De Lacey et al. 
2007; Pandelia et al. 2010b). Most of the 
studies agree with the presence of a hydrox-
ide in the Ni-B state (Black et al. 1994; 
Davidson et al. 2000; Stein et al. 2001; 
Stadler et al. 2002; Volbeda et al. 2005) 
whereas the nature of the oxygen species in 
Ni-A is more controversial. Indeed, either 
oxo (Carepo et al. 2002), hydroxo 
(Davidson et al. 2000; Stein et al. 2001; 
Stadler et al. 2002; Pandelia et al. 2010b) 
or peroxo (Lamle et al. 2005; Volbeda et al. 
2005) species have been proposed. 
However, the “peroxo” hypothesis was not 
ruled out in recent DFT and spectroscopic 
studies (van Gastel et al. 2008; Pandelia 
et al. 2010b) but rather a hydroxo species. 
Moreover, an ENDOR study of a sample of 

[NiFe]-hydrogenase aerobically oxidized in 
H2

17O, demonstrated that the bridging 
[NiFe]- ligand in Ni-A originates from the 
solvent water (Carepo et al. 2002). Thus, 
this will mean that the debate continues on 
the question of the Ni-A structure with the 
aim to understand differences between 
Ni-A and Ni-B states (Fig. 3.4).

Most [NiFe]-hydrogenases are inhibited 
by CO in a competitive manner (Teixeira 
et al. 1987; Léger et al. 2004). It reaches the 
active site using the same gas channel as H2 
and O2 (Fig. 3.3a) (Liebgott et al. 2010). It 
binds weakly to the Ni ion at the active site 
(Albracht 1994; Stadler et al. 2002; De Lacey 
et al. 2007; Lubitz et al. 2007), only after 
reductive activation of the enzyme to the 
Ni-SI forms, presumably when the bridging 
oxygen species had been removed from the 
active site. No binding of CO occurs when 
the enzyme is in the inactive states Ni-A, 
Ni-B, and Ni-SU. In addition, CO-inhibition 
blocks electron and proton transfer at the 
active site, although reduction at the proximal 
[4Fe-4S] cluster is detected (Stadler et al. 
2002). The kinetics of CO inhibition has been 
studied by PFV experiments and the kinetics 
of CO binding was fast, about 108 s−1/M. 
Thus, it has been shown that diffusion was 
the rate-limiting step of CO-inhibition. As a 
result, this inhibitor has been used to probe 
gas diffusion in hydrogenases (Leroux et al. 
2008; Liebgott et al. 2010).

c. Specific Characteristics of the Naturally 
Occurring O2-Tolerant [NiFe]-Hydrogenases

[NiFe] hydrogenases are considered to be 
more robust than [FeFe] hydrogenases 
because they can be totally reactivated after 
inhibition by O2. Moreover, there are even a 
few examples in nature of relatively O2- 
tolerant [NiFe] hydrogenases. Thus, the 
[NiFe] hydrogenase can be classified as 
either ‘standard O2-sensitive’ or ‘O2-tolerant’ 
based on their ability to function in the pres-
ence of O2. O2-tolerance defines one hydrog-
enase that retains some activity in the 
presence of O2. The level of residual activity 
can vary depending on the enzyme, but it 
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should be remembered that trace amounts 
(a few μM) of O2 readily inhibit standard O2- 
sensitive [NiFe] hydrogenases.

The fact that a large number of microbes 
are able to use H2 as the sole energy source 
in the course of aerobic respiration indicates 
that some [NiFe] hydrogenases afford a 
 specific protection against detrimental 
effects of O2 (Tremblay and Lovley 2012). 
This aerobic H2 oxidation occurs in phylo-
genetically diverse groups of prokaryotes 
such as the nitrogen-fixing bacterium Brady
rhizobium japonicum (Kaneko et al. 2002), 
the photosynthetic proteobacterium Rhodo
bacter capsulatus (Strnad et al. 2010), the 
hyperthermophilic bacterium Aquifex aeoli
cus (Deckert et al. 1998) and the well- 
studied proteobacterium Ralstonia eutropha 
H16 that contains even three indigenous O2- 
tolerant hydrogenases (Schwartz et al. 2003; 
Pohlmann et al. 2006; Lenz et al. 2010; 
Bürstel et al. 2011).

R. eutropha H16 is a bacterium that lives 
in soil and water and it is one of organisms 
able to grow chemolithoautotrophically using 
hydrogen as the sole energy source and diox-
ygen as terminal electron acceptor. This is 
called the Knallgas (detonating gas) reaction. 
The three distinct O2-tolerant [NiFe] hydrog-
enases, that each serve unique physiological 
roles, are: a bidirectional cytoplasmic Soluble 
Hydrogenase (ReSH) able to generate reduc-
ing equivalents by reducing NAD+ at the 
expense of hydrogen (Group III), a Regulatory 
Hydrogenase (ReRH) which acts in a signal 
transduction cascade to control transcription 
of hydrogenase genes (Group II) and a 
Membrane-Bound Hydrogenase (ReMBH) 
coupled to the respiratory chain (Group I) 
(Burgdorf et al. 2005). Interestingly, these 
O2-tolerant hydrogenases are usually less 
active than standard O2- sensitive enzymes. 
Their H2 oxidation activities are reduced by a 
factor of about 5 for the ReSH (Ludwig et al. 
2009a), about 50 for the ReMBH and about 
500 for the ReRH (Vignais and Billoud 
2007). The H2 production activities are usu-
ally considerably weak, especially because of 
the strong inhibitory effect of H2 (Goldet 
et al. 2008). However, these O2-tolerant 

enzymes represent  precious inspiration sources 
for the study of the molecular bases of O2 
inhibition.

Three strategies seem to have been devel-
oped by R. eutropha H16 to allow its [NiFe] 
hydrogenases to be catalytically active in the 
presence of dioxygen.

In the case of the SH (Group III), the O2 
resistance was assumed to be due to the pres-
ence of extra CN ligands at the active site 
(Happe et al. 2000) that might be incorpo-
rated by a specific maturation protein HypX 
(Bleijlevens et al. 2004). Deletion of hypX 
led to a lower O2 resistance of the ReSH 
enzyme (Bleijlevens et al. 2004) while the 
activities of ReMBH (Buhrke and Friedrich 
1998) and of the regulatory hydrogenase 
(ReRH) remained unaffected (Buhrke et al. 
2001). However, the presence of a Ni-Bound 
cyanide under native conditions has been 
recently ruled out (Horch et al. 2010). In this 
context, the supply of low-potential electrons 
from the oxidation of NAD(P)H appears to 
play a major role in preserving catalytic 
activity under aerobic conditions in vivo. 
However, despite considerable efforts and 
promising insights (Horch et al. 2012), the 
structural and mechanistic basis for this 
property has still to be resolved. Bidirectional 
cytoplasmic soluble hydrogenases are of par-
ticular interest for biotechnological applica-
tions as they are suited for light driven 
hydrogen production in vivo (Prince and 
Kheshgi 2005) and the regeneration of 
NAD(P)H in biocatalytic processes (Okura 
et al. 1990; Ratzka et al. 2011). Such appli-
cations are particularly promising as some of 
these enzymes are oxygen tolerant in con-
trast to most other hydrogenases (Happe 
et al. 2000; Horch et al. 2012).

The ReRH and related enzymes adopted 
apparently another strategy consisting in 
reducing the gas channel size at the level of 
the interface with the active site cavity. At 
the end of the hydrophobic channel, near the 
active site, two hydrophobic residues, usually 
valine and leucine that are conserved in O2-
sensitive hydrogenases, are replaced by larger 
residues, respectively isoleucine and phenyl-
alanine, in the O2-tolerant hydrogen- sensors 
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(Volbeda et al. 2002) (Fig. 3.3a). It has 
therefore been suggested that increasing the 
bulk of residues occupying these two posi-
tions may act like a molecular sieve, 
reducing the channel diameter at that point, 
thereby preventing efficient dioxygen access 
to the active site. This hypothesis was 
supported by two experiments in which the 
bulky amino-acids from ReRH were substi-
tuted by valine and leucine. In both cases, 
determination of the inactivation kinetics in 
the presence of dioxygen revealed that the 
mutated enzymes were inactivated after pro-
longed incubation and required a reductive 
activation to reach the maximum activity 
(Burgdorf et al. 2005; Duche et al. 2005). 
Even though the mutated enzymes became 
more sensitive to dioxygen than the wild- 
type, it should be noted that they retain a sig-
nificant level of activity after prolonged 
dioxygen exposure, and therefore still belong 
to the O2-tolerant group of hydrogenases.

Membrane bound hydrogenases of the 
group I represent the best studied group of 
O2-tolerant hydrogenases and has recently 
gained extensive attention, due to their 
potential biotechnological importance. 
Thus, the O2 tolerance of MBH (group I) 
has been recently discovered through the 
hydrogenase crystal structures of R. eutro
pha H16 (ReMBH, pdb accession number 
3RGW) (Fritsch et al. 2011), E. coli 
(EcHyd-1, pdb 3UQY, 3USC and 3USE) 
(Volbeda et al. 2012), and Hydrogenovibrio 
marinus (HmMBH, pdb 3AYX, 3AYY, 
3AYZ) (Shomura et al. 2011) and spectro-
scopic data obtained from hydrogenases of 
A. aeolicus (AaHyd-1) (Pandelia et al. 
2011) and ReMBH (Fritsch et al. 2011; 
Goris et al. 2011; Lukey et al. 2011). 
Therefore, the recent crystallographic 
structures from three members of the 
Group I revealed that there are no signifi-
cant differences between the [NiFe] cata-
lytic centres of standard or O2- tolerance 
hydrogenases. The presence of the usual 
nickel signatures detected by EPR indi-
cates that the chemistry at the active site is 
identical to that catalyzed by standard 
hydrogenases.

Remarkably, there are two additional 
 cysteine residues in the close vicinity of the 
proximal FeS cluster that are absent in O2- 
sensitive standard [NiFe] hydrogenases 
which lead to the construction of a unique 
proximal [4Fe-3S] cluster with in-total six 
coordinating cysteine residues (Fig. 3.5). 
These two additional cysteines are fully con-
served in the O2-tolerant hydrogenase 
(Pandelia et al. 2010a). The sulfur atom of 
an extra cysteine replaces one of the inor-
ganic sulfides and thus becomes an intrinsic 
cluster ligand, whereas the second cysteine 
terminally coordinates one of the Fe atoms 
(Fig. 3.5). This particular structure studied 
by EPR in its reduced or oxidized form in 
HmMBH, AaHyd-1 and ReMBH, indicate 
that the [4Fe-3S] cluster is stable in three 
oxidation states. These redox-dependent 
structural changes promoted by the surplus 
of cysteine coordination, give the potential 
to the proximal cluster to theoretically 
deliver two electrons for the O2-reduction 
instead of one (Goris et al. 2011; Lukey 
et al. 2011). Thus when O2-tolerant [NiFe]-
hydrogenases are attacked by O2, they might 
fully reduce O2 to water, thereby avoiding 
the production of reactive oxygen species 
that would damage or block the active site. 
As a result, it is currently assumed that the 
electron deficiency during O2 attack might 
be responsible for the formation of the Ni-A 
inactive form (‘unready’ state) (Ogata et al. 
2009, 2010). O2-tolerant hydrogenases 
would escape the ‘unready’ state by forming 
only the ‘ready’ conformation (Ni-B) (in 
which O2 has been fully reduced), which re- 
activates very easily to re-join the catalytic 
cycle (Armstrong et al. 2009; Lenz et al. 
2010). However, in the case of AaHyd-1, a 
weak Ni-A signal has been reported to 
appear after O2 exposure (Guiral et al. 2006), 
while only Ni-B was detected in a recent 
study (Pandelia et al. 2010b). The EcHyd-1 
exhibits a Ni-A signal upon aerobic isola-
tion but this signal is then barely detectable 
when the enzyme is exposed to O2 after acti-
vation (Lukey et al. 2010).

In PFV experiments, the activity of the 
ReMBH and AaHyd-1 recover extremely 
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fast after O2 exposure (Armstrong et al. 
2009; Pandelia et al. 2010b). The O2- 
tolerance properties of these enzymes are 
therefore likely to be due to a fast reactiva-
tion rate, as shown in recent electrochemical 
studies (Armstrong et al. 2009; Liebgott 
et al. 2010; Pandelia et al. 2010b) and by the 
lack of the Ni-A signal after aerobic 
inactivation.

The exploitation of these hydrogenases 
and their molecular determinants is a major 
challenge for a broad range of biotechnologi-
cal applications. Indeed, microorganisms har-
boring optimized hydrogenases may play a 
major role in H2 generation for fuels. Bio- fuel 
cells and biosensors also represent an impor-
tant potential application of these hydroge-
nases as immobilized enzymes. At last, these 
hydrogenases might also allow searches in 

the metabolic engineering in the aim to 
improve the H2 production or in protein engi-
neering to mimic molecular determinants 
responsible to the tolerance towards of O2.

III. Maturation of Hydrogenases: 
Specific and Complex Process

In metal-containing enzymes, complex 
active sites generally require specific 
machineries for their synthesis and assem-
bly. Indeed, assembly of the active hydrog-
enase involves sophisticated biological 
processes, such as careful co-ordination of 
cofactor biosynthesis and insertion, subunit 
recruitment, and protein target processes 
(Vignais et al. 2001; Paschos et al. 2002; 
Böck et al. 2006).

Fig. 3.5. Multiple sequence alignment and structural comparison of the proximal clusters between O2-sensitive 
and O2-tolerant hydrogenases. Panel (a) shows the multiple sequence alignment comparing the cysteines which 
ligate the proximal cluster in O2-sensitive [NiFe]-hydrogenases and O2-tolerant enzymes. Panels (b) and (c) shows 
the structural comparison between the proximal FeS clusters of D. fructosovorans (O2-sensitive hydrogenase, 
1YQW) and H. marinus (O2-tolerant hydrogenase, 3AYY and 3AYX). Panel (c) Details of the structural changes 
associated with ‘super-oxidation’ of the proximal cluster in membrane bound O2-tolerant [NiFe]-hydrogenases 
(Adapted from Parkin and Sargent 2012).
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A. [FeFe]-Hydrogenase Maturation: 
Protein Machinery

In order to be catalytically active after its 
synthesis, the [FeFe]-hydrogenase polypep-
tide encoded by the hydA gene has to incor-
porate the H-cluster and, when required, 
accessory [Fe-S] clusters. This post- 
translational process is extraordinarily com-
plex as it involves a number of difficult 
reactions including: (i) the synthesis of CO, 
CN and the dithiolate bridging ligand; (ii) 
the assembly of the di-iron active site sub-
cluster; (iii) its incorporation into the enzyme 
already containing the [4Fe-4S] component 
of the H-cluster and (iv) the assembly and 
transfer of the accessory FeS clusters.

The [FeFe]-hydrogenase maturation pro-
tein machinery was initially discovered in 
the eukaryotic green alga Chlamydomonas 
reinhardtii incapable of H2 production 
(Posewitz et al. 2004). The disruption of 
either the hydEF or hydG (Hyd machinery) 
gene resulted in a mutant that proved to be 
unable to produce hydrogen, even though 
full-length hydrogenase accumulated. Genes 
encoding for HydE, HydF, and HydG are 
present in all organisms capable of synthe-
sizing an active [FeFe]-hydrogenase (HydA) 
(Meyer 2007). Thus, it can be concluded that 
HydEF and HydG provide the minimal pro-
tein machinery necessary for the synthesis 
and assembly of the H-cluster. Whether other 
proteins are required for an optimal matura-
tion process has not been demonstrated so 
far. Moreover, several reports of heterolo-
gous expression of active [FeFe]-hydro-
genases have demonstrated that the Hyd 
machinery from one organism can be suc-
cessfully used for the maturation of an 
enzyme from another. For example, expres-
sion of an active HydA1 enzyme from C. 
reinhardtii or Scenedesmus obliquus (green 
algae) has been shown to be possible using 
Clostridium acetobutycicum, another [FeFe]-
hydrogenase synthesizing organism, as the 
expression host (Girbal et al. 2005). Further 
evidence for the lack of selectivity of the 
Hyd machinery came from the observation 
that co-expression of HydE, HydF and HydG 

from the bacterium Cl. acetobutylicum with 
various algal and bacterial [FeFe]-
hydrogenases in E. coli resulted in purified 
enzymes with specific activities that were 
not very different from those of their coun-
terparts from native sources (Böck et al. 
2006). Finally, the bacterium Shewanella 
oneidensis proved to be an efficient system 
for the expression and maturation of HydA1 
from C. reinhardtii (Sybirna et al. 2008).

B. [NiFe]-Hydrogenase Maturation: 
Protein Machinery

At present, cloning [NiFe]-hydrogenases is still 
very difficult and the progresses realised 
recently remain very limited (Burgdorf et al. 
2005; Ludwig et al. 2009b). Even though 
[NiFe]-hydrogenase operons are highly con-
served and exhibit a high degree of similarity, 
each maturation system is specific to the cor-
responding structural subunits, probably 
because of tight protein-protein interactions 
occurring during processing (Leach et al. 
2007). Indeed, the complex architecture of the 
active site of [NiFe]-hydrogenases with their 
diatomic ligand (CN and CO) requires a spe-
cific and complex maturation system. There 
are two main groups of genes  responsible for 
maturation, which are differentiated by their 
resultant phenotypes. The first group of genes 
is mainly located on the same transcription unit 
as the structural genes. Disruption of this group 
of genes specifically impairs the processing or 
activity of the hydrogenase encoded in cis in 
the operon, without affecting the maturation of 
other hydrogenases. The maturation processes 
mediated by the products of this family of 
accessory genes cannot be complemented in 
trans by homologous genes from the other 
hydrogenase operons, regardless of the degree 
of similarity (Sauter et al. 1992; Menon et al. 
1994; Bernhard et al. 1996). This specific 
barrier is one of the key reasons for the failure 
of the active hydrogenase production in heter-
ologous hosts. The second group is another set 
of the hyp (‘p’ for pleiotropic) genes which 
encode proteins, involved in the insertion of Ni, 
Fe, CO and CN into the active site (Jacobi et al. 
1992; Maier et al. 1996; Wolf et al. 1998; Böck 
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et al. 2006; Mulder et al. 2011; Petkun et al. 
2011). Mutations of these genes affect the syn-
thesis and activity of all the hydrogenase isoen-
zymes. However, the functions of this set of 
genes can be complemented in trans by heter-
ologous genes (Chaudhuri and Krasna 1990).

C. O2-Tolerant [NiFe]-Hydrogenase 
Maturation: Protein Machinery

It would be particularly fruitful to take advan-
tage of the properties of the O2-tolerant hydrog-
enases by cloning their corresponding genes 
into organisms of biotechnological interests. 
Although [NiFe]-hydrogenase exhibit revers-
ible inhibition by oxygen, the sensitivity of 
hydrogen production in presence of O2 is a mul-
tifaceted problem, since hydrogenase transcrip-
tion, and likely maturation and assembly, might 
be also inhibited by exposure to atmospheric 
oxygen (Soboh et al. 2012). However, among 
O2-tolerant hydrogenases, some are synthesized 
solely under aerobic conditions (Lukey et al. 
2011; Tremblay and Lovley 2012). E. coli could 
be one of the most informative model systems 
for understanding the biosynthesis of O2- 
tolerant enzymes because the bacterium pro-
duces both O2-tolerant MBH (Hyd-1) and 
standard O2-sensitive (Hyd-2) hydrogenases. 
Among the three types of O2-tolerant hydroge-
nases, only the MBH family appears to require 
specific maturation proteins, necessary for the 
synthesis of the unique [4Fe-3S] proximal clus-
ter (Figs. 3.5 and 3.6). Hyd-1 is produced from 
an operon of six genes, hyaABCDEF, where 
HyaA is the small subunit, HyaB is the large 
subunit, HyaC is a cytochrome that anchors 
the [NiFe]-hydrogenase to the membrane and 
the HyaD is the specific protease required for 
large subunit maturation-terminal processing. 
There are therefore two extra genes hyaE and 
hyaF that are not required for the assembly of 
standard O2-sensitive hydrogenases (Hyd-2 and 
others) and are apparently only involved in the 
assembly of O2-tolerant respiratory enzymes 
(Schubert et al. 2007).

In R. eutropha H16 the HyaE homolog is 
HoxO, which has been shown to interact with 
the small subunit during biosynthesis and is 
essential for MBH activity in that organism 

(Schubert et al. 2007) (Fig. 3.6). In Rhizobium 
leguminosarum the HyaE homolog, HupG, 
was shown to be only required for small sub-
unit maturation under aerobic conditions 
(Manyani et al. 2005), and in E. coli, which 
only expresses Hyd-1 under anaerobic condi-
tions, the hyaE gene was dispensable for 
Hyd-1 biosynthesis (Dubini and Sargent 
2003). Similarly, the HyaF (HoxQ in R. eutro
pha H16 and HupH in R. leguminosarum) is 
also absolutely required for MBH activity. 
HyaF interacts with HyaE to form a complex 
together with the small subunit during assem-
bly (Schubert et al. 2007). Genetic two-hybrid 
studies suggested that HyaE interacted 
strongly with HyaA, the small subunit, (Dubini 
and Sargent 2003). It is possible, therefore, 
that HyaE-like proteins have a role to play in 
assembly of the [4Fe-3S] cluster. Shomura 
et al. (2011) suggested that additional negative 
charges around the proximal [4Fe-3S] cluster 
in the final structure may be important for its 
stabilization. Interestingly, HyaE has a perfect 
 thioredoxin- like fold (Parish et al. 2008), 
except that in the HyaE protein, acid residues 
(two aspartates and two glutamates) are found 
at the same position as the redox-active cyste-
ines, originally present in true thioredoxins 
(Parish et al. 2008). Thus, it is possible that this 
negatively charged region mediates protein- 
protein interactions with the small subunit, 
though it can also be considered that it might 
be involved in protecting the proximal cluster 
until the large subunit has docked correctly 
with its small subunit partner.

IV. Enzyme and Metabolic 
Engineering to Improve H2 
Production

Genetic modifications of hydrogen metabo-
lism or hydrogenases, can be very promis-
ing strategies to achieve an efficient H2 
production system or to improve hydroge-
nases as biocatalysts. During the last 5 
years, many reviews dealt with this topic 
and summarized the scientific and techno-
logical hurdle encountered (Ghirardi et al. 
2007; Germer et al. 2009; Brentner et al. 
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2010; McKinlay and Harwood 2010; Abo-
Hashesh et al. 2011; Hallenbeck et al. 
2012). In this section, we will discuss the 
different processes of engineering used to 
generate significant improvement in the 
production of hydrogen or hydrogenases, it 
will be divided in three points: (A) the het-

erologous expression and overexpression of 
interesting hydrogenases; (B) enhancing the 
efficiency of H2 production by redirecting 
the flow of reducing equivalents toward 
hydrogenases, and (C) increasing the O2 
tolerance of hydrogenase by enzyme 
engineering.

Fig. 3.6. Schematic maturation process of the [NiFe] hydrogenase. The R. Eutropha MBH gene cluster is 
presented at the top. hoxK encodes the small subunit and hoxG encodes the large subunit. The genes in red and 
green encode the accessory proteins, the role of which in the assembly of the active is presented (Adapted from 
Fritsch et al. 2011).
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A. Heterologous-Expression and 
Overexpression of Hydrogenases

In order to characterize their structure- 
function properties in greater detail, and to 
use hydrogenases for biotechnological appli-
cations, reliable methods for rapid, high- 
yield expression and purification are 
required. Owing to genetic manipulations, 
the purification of recombinant hydrogenases 
is greatly facilitated by the use of affinity 
tags, such as His or StrepII-tag, inserted at 
the N- or C-terminus (Kim et al. 2012). One 
approach that has been adopted in order to 
enhance the amount of enzymes or promote 
the H2 production, is the engineering of a 
stable hydrogenase either through its produc-
tion in a heterologous host or through over-
expression (English et al. 2009; Abo- Hashesh 
et al. 2011). The interest of heterologous 
expression systems is not to be demonstrated 
but is still limited to [FeFe] hydrogenases 
(Böck et al. 2006; Nicolet and Fontecilla-
Camps 2012).

1. [FeFe]-Hydrogenase

In recent years, several groups have devel-
oped different strategies for the expression 
of recombinant [FeFe]-hydrogenases 
(English et al. 2009) (Table 3.2). These 
include using as hosts organisms bacteria 
expressing naturally native [FeFe]-
hydrogenase (Girbal et al. 2005; Sybirna 
et al. 2008), or using E. coli for heterolo-
gous expression in a more common way. At 
present, in order to obtain large amounts of 
[FeFe]-hydrogenases for biochemical and 
biophysical studies, the studies are focused 
on the high yield heterologous production 
mainly in E. coli (Kuchenreuther et al. 
2010; Yacoby et al. 2012). On the other 
hand, the overexpression of [FeFe]-
hydrogenase is also an important factor for 
the improvement of H2 production. Indeed, 
the most efficient hydrogen-producing 
enzymes are [FeFe]-hydrogenases, which 
can have an activity about 10–100 times 
higher than that of [NiFe]-hydrogenases. As 
a result, overexpressing (HydA) in Cl. para

putrificum M-21 (Morimoto et al. 2005) 
improved the H2 yield from 1.4 to 2.4 mol H2 
per mol of glucose. Jo et al. (2009) also 
reported that Cl. tyrobutyricum JM1 showed 
an improved H2 yield (1.8 mol H2/mol glu-
cose) compared to the parental strain 
(1.2 mol H2/mol glucose), when HydA was 
overexpressed. Regarding metabolic engi-
neering, the inactivation of ack, which 
encodes acetate kinase of Cl. tyrobutyricum 
(Liu et al. 2006) increased the H2 production 
yield by 1.5-fold compared to the wild-type 
strain.

2. [NiFe]-Hydrogenase

The main interests in producing [NiFe]-
hydrogenases in heterologous hosts are to 
improve hydrogen production by focusing on 
(a) the heterologous expression of bidirec-
tional [NiFe]-hydrogenases of the group III 
and (b) to take advantage of the O2 tolerance 
properties of some [NiFe]-hydrogenases 
(Carrieri et al. 2011) (Table 3.2). However, 
as discussed above, the development of het-
erologous expression systems for the 
 biosynthesis and molecular engineering of 
[NiFe]-hydrogenases is challenging due to 
the complexity and the high specificity of the 
maturation process. There are several docu-
mented examples of non-functional heterol-
ogous expression, which have only recently 
been reported for a limited number of organ-
isms. For example, heterologous expression 
of [NiFe]-hydrogenases from Rhodococcus 
opacus, Desulfovibrio vulgaris, and 
Synechocystis sp. PCC6803 all resulted in 
the production of non-functional hydroge-
nases (Voordouw et al. 1987; Grzeszik et al. 
1997; Maeda et al. 2007). For this reason, 
expression and purification of [NiFe]-
hydrogenase for structural and in vitro stud-
ies are most often accomplished through the 
development of plasmid -based expression in 
homologous strains or closely related species 
as expression hosts (Rousset et al. 1998; 
Burgdorf et al. 2005; Ludwig et al. 2009b).

E. coli is an ideal microorganism com-
monly used in genetic engineering due to its 
well-characterized genome, well known 
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Table 3.2. Expression of [FeFe]- and [NiFe]-hydrogenases in different systems and their activities.

[FeFe]-hydrogenase genes Expression host
H2 evolution activity 
(μmol H2.min−1.mg−1) Bibliography

Chlamydomonas reinhardtii Escherichia coli 0.4 Posewitz et al. (2004)
Clostridium acetobutylicum C. acetobutylicum 10 Girbal et al. (2005)
Chlamydomonas reinhardtii C. acetobutylicum 760 Girbal et al. (2005)
Scenedesmus obliquus C. acetobutylicum 633 Girbal et al. (2005)
Clostridium paraputificum M21 C. paraputrificum 1.7 fold more Morimoto et al. (2005)
Clostridium acetobutylicum E. coli 75.2 King et al. (2006)
Chlamydomonas reinhardtii S. oneidensis 700 Sybirna et al. (2008)
Clostridium tyrobutyricum C. tyrobutyricum 1.7 fold more Jo et al. (2009)
Enterobacter aerogenes Enterobacter aerogenes 1.95 fold more Zhao et al. (2010)
Chlamydomonas reinhardtii E. coli 641 Kuchenreuther et al. (2010)
Clostridium pasteurianum E. coli 1,087 Kuchenreuther et al. (2010)

Chlamydomonas reinhardtii E. coli 1,000 Yacoby et al. (2012)

[NiFe]-hydrogenase genes Expression host

H2 uptake/evolution  
activity, MV-linked (μmol 
H2.min−1.mg−1) Bibliography

Desulfovibrio gigas (Group I) D. fructosovorans Nd Rousset et al. (1998)
Desulfovibrio fructosovorans 

(Group I)
D. fructosovorans 700 (up.) Rousset et al. (1998)

Rhodococcus opacus (Group 
III)

Ralstonia eutropha 7.8 (up.) Porthun et al. (2002)

Ralstonia eutropha (Group II) E. coli Nd Posewitz et al. (2004)
Ralstonia eutropha (Group II) Ralstonia eutropha 1.8 (up.) Buhrke et al. (2005)
Ralstonia eutropha (Group I) Pseudomonas stutzeri 19 (up.) Lenz et al. (2005)
Synechocystis sp. PCC6803 E. coli Nd Maeda et al. (2007)
Pyrococcus furiosus (Group III) E. coli 89 (evol.) Sun et al. (2010)
Hydrogenovibrio marinus 

(Group I)
E. coli 0.06 (evol.) Kim et al. (2011)

Alteromonas macleodii (Group I) Synechococcus elongatus ~1.10−6 (evol.) Weyman et al. (2011)
Thiocapsa roseopersicina 

(Group I)
Synechococcus elongatus ~1.10−6 (evol.) Weyman et al. (2011)

Alteromonas macleodii (Group I) E. coli ~4.10−3 (evol.) Weyman et al. (2011)
Thiocapsa roseopersicina 

(Group I)
E. coli ~4.10−4 (evol.) Weyman et al. (2011)

Klebsiella oxytoca (Group IV) K. oxytoca 11 (evol.) Bai et al. (2012)

metabolism, and its ability to utilize a wide 
range of carbon sources including hexoses 
and pentoses. In addition, E. coli has the 
potential advantages over at least some other 
microorganisms to exhibit a rapid growth, 
has simple nutritional requirements and also 
harbors four [NiFe]-hydrogenases. Two 
hydrogenases, one O2-tolerant hydrogenase 
(Hyd-1) and one standard O2-sensitive 
hydrogenase (Hyd-2) encoded by the hya 
and hyb operons respectively, are involved in 

periplasmic hydrogen uptake. Two others, 
hydrogenase 3 and 4, are part of cytoplasmi-
cally oriented hydrogenase complexes. 
Hydrogenase 3, encoded by the hyc operon, 
produces hydrogen from formate as a part of 
the formate hydrogen lyase complex (FHL- 1), 
which is active in hydrogen production 
during mixed-acid fermentation at acidic pHs 
(Vignais et al. 2001). Hydrogenase 4, encoded 
by the hyf operon, appears to be cryptic under 
normal circumstances (Self et al. 2004). 
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Thus, E. coli has a set of specific maturation 
proteins, which might be used for the matu-
ration of heterologous enzymes (Porthun 
et al. 2002; Maroti et al. 2003, 2009). 
Although E. coli is perhaps the most useful 
organism as a target for metabolic engineer-
ing, the lack of any NADH- dependent 
hydrogenases (Group III) is one major 
hurdle for the engineering of hydrogen 
metabolism in this organism. Indeed, these 
bidirectional cytoplasmic hydrogenases 
function reversibly in their physiological 
setting, coupling hydrogen uptake or emis-
sion, to oxidation and reduction of cellular 
coenzymes, such as NAD(P)H (Cournac 
et al. 2004). So, in E. coli, NAD(P)H gener-
ated through carbon metabolism cannot be 
used directly for H2 production (Schmitz 
et al. 2002). Therefore, expressing a heterol-
ogous NAD(P)H-dependent hydrogenase is 
one of the main goals for increasing the 
maximum H2 yield in E. coli.

a. Heterologous Expression of Bidirectional 
[NiFe]-Hydrogenases (Group III) in E. coli

The [NiFe]-hydrogenase of the cyanobacte-
rium Synechocystis sp. PCC6803 is a well- 
studied representative of the bidirectional 
[NiFe]-hydrogenases from Group III. 
Therefore, the maturation process has been 
reconstituted to allow functional expression 
of this hydrogenase in E. coli (Maeda et al. 
2007; Wells et al. 2011; Zheng et al. 2012). 
As a result, the introduction of the bidirec-
tional [NiFe]-hydrogenase of Synechocystis 
sp. PCC6803 has altered the whole metabo-
lism for hydrogen production in E. coli. 
Firstly, the hydrogen productivity was 
enhanced up to 41-fold in comparison with 
Synechocystis sp. PCC6803 (Maeda et al. 
2007). Secondly the expression of this 
hydrogenase also showed a distinct H2 pro-
duction pathway than the one initially pres-
ents in E. coli (Wells et al. 2011). Finally, 
this heterologous expression has suppressed 
the transcription of native uptake [NiFe]-
hydrogenases (Hya and Hyb) (Maeda et al. 
2007; Zheng et al. 2012), increasing signifi-
cantly the production of H2. Similarly, 

the successful expression in E. coli of a 
recombinant cytoplasmic, NADP-dependent 
hydrogenase from Pyrococcus furiosus, an 
anaerobic hyperthermophile increased 
 significantly the production of H2. 
Remarkably, the native E. coli maturation 
machinery was able to generate a functional 
hydrogenase when transformed with only 
the genes encoding the hydrogenase struc-
tural subunits and the C-terminal protease 
(Sun et al. 2010).

b. Heterologous Expression of O2- 
Tolerant [NiFe]-Hydrogenase (Group I)

The biotechnological goal of algal and cya-
nobacterial hydrogen production is to divert 
the reducing equivalents away from normal 
growth functions and to redirect them toward 
hydrogenases. All the enzymatic compo-
nents for hydrogen production from water 
splitting and sunlight are present in cyano-
bacteria. As discussed above, hydrogenases 
are inactivated by molecular oxygen, which 
represent a major technological hurdle for 
hydrogen production from cyanobacteria at 
high solar efficiencies. Thus, strategies for 
overcoming this barrier include heterologous 
expression of a more oxygen-tolerant 
hydrogenase in cyanobacteria. In this con-
nection, a system of heterologous expression 
has been developed to express O2-tolerant 
[NiFe]-H2ase belonging to group I from the 
bacteria Alteromonas macleodii and 
Thiocapsa roseopersicina (Vargas et al. 
2011) in the cyanobacterium Synechococcus 
elongatus (Maroti et al. 2009); (Vargas et al. 
2011). The cloned enzymes were active, 
indicating that it is possible to express 
hydrogenases in the cyanobacteria.

Recently, Kim et al. (2011) have suc-
ceeded in performing a heterologous expres-
sion of oxygen-tolerant Hydrogenovibrio 
marinus [NiFe]-hydrogenase in E. coli. 
Interestingly, recombinant H. marinus 
[NiFe]-hydrogenase produced of sevenfold 
to ninefold more hydrogen than did E. coli 
[NiFe]-hydrogenase (Hyd-1) in a gaseous 
environment containing 5–10 % (v/v) oxygen. 
Likewise, the same team (Kim et al. 2012) 
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has improved the H2 production (1.3 fold 
more) of this recombinant H. marinus 
[NiFe]-hydrogenase in co-expressing it with 
the proteorhodopsin under light conditions.

B. Substrate Selectivity, 
Competition and Linking

When expressed in vivo, hydrogenases inter-
act with electron carriers which are generally 
at the junction of numerous redox reactions 
(respiration, CO2 fixation, assimilation, etc.). 
A key point is that these reactions that appear 
as competitors for biotechnological purposes 
are often essential for cell survival or devel-
opment. This explains in part the difficulty 
and the slow progress in biohydrogen 
research. One proposed research direction, 
to overcome this kind of limitation, would be 
to increase the amount of specific redox part-
ners of hydrogenases. In this sense, a recent 
study has showed that the overexpression of 
ferredoxin-NADPH-reductase (FNR) cou-
pled to that of ferredoxin (Fd) and a [FeFe]-
hydrogenase, increased the H2 production 
when NADPH was added in the medium 
(Weyman et al. 2011).

Another strategy to favor H2 production 
would be to carry out an expression of syn-
thetic or chimerical enzymes based on native 
hydrogenase fused to the electron transfer 
subunit (Kontur et al. 2012). In the case of 
algal [FeFe]-hydrogenases for instance, the 
redox partner is Fd (Fig. 3.1), which is also 
involved in photosynthetic carbon fixation 
via NADPH production by FNR. Indeed, 
under the anaerobic conditions that support 
hydrogen production, there is a significant 
loss of photosynthetic electrons toward 
NADPH production supplied by 
ferredoxin:NADP+ oxidoreductase (FNR). 
No algal [FeFe]-hydrogenase structure is 
available yet, but Horner et al. (2002) mod-
eled algal hydrogenase structure and charge 
distribution, and identified a set of amino- 
acids likely to participate in electrostatic 
interaction with algal Fd. Mutagenesis 
experiments conducted at the (putative) Fd 
binding sites in hydrogenase (and also at the 
Fd binding site in FNR) could be a way to 

modify relative affinities of these enzymes 
for their substrate and ultimately tune these 
affinities for an optimal ratio between photo-
synthetic and hydrogen-producing capabili-
ties. Some results illustrated the feasibility 
of utilizing directly attached redox partners 
for H2 production in vivo (Agapakis et al. 
2010). Indeed, it has been reported that H2 
production via Fd-dependent hydrogenase 
can be improved by manipulating the inter-
action between hydrogenase and Fd via pro-
tein surface engineering in E. coli. Some 
chimerical enzymatic complexes have been 
expressed in E. coli, in which a ferredoxin 
and heterologous [FeFe] hydrogenase were 
either immobilized in a modular protein 
scaffold or directly attached to each other via 
an amino acid linker. H2 production from 
cells containing these complexes showed 
3-fold and 4.4-fold increases in H2 produc-
tion, respectively, over cells containing sepa-
rate versions of the same proteins (Agapakis 
et al. 2010). However, yields from these 
complexes were relatively low (<0.1 mol H2/
mol glucose). More recently, a complex con-
sisting of the Fd fused to the [FeFe]-
hydrogenase HydA from C. reinhardtii 
(green algae), was shown to improve the 
light-dependent H2 production in vitro when 
incubated with purified PSI (Yacoby et al. 
2011). This algal Fd-HydA fusion prevents 
the competition between FNR and HydA 
that both exhibit affinity with Fd. Moreover, 
Fd-HydA fusion improved HydA function in 
several respects. First, the specific activities 
were up to sixfold higher than for the native 
HydA. Second, the fusion successfully insu-
lates its internal Fd electrons, because only 
10 % of the electrons are lost with external 
competitors such as FNR. Third, the fusion 
was able to overcome the limitation caused 
by FNR, as more than 60 % of photosyn-
thetic electrons were diverted to hydrogen 
production, compared to less than 10 % for 
nonfused HydA (Yacoby et al. 2011).

Another tempting approach to favor H2 
production would be to tightly connect a 
specific electron carrier or a photosystem 
with hydrogenase, making the electrons 
flow directly from the photosystem to the 
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hydrogenase or from the hydrogenase to the 
electron acceptor, avoiding competition with 
the bulk of electron carriers. In a study, Ihara 
et al. (2006) engineered a ‘hard-wired’ pro-
tein complex consisting of a hydrogenase 
and a photosystem. They designed an artifi-
cial fusion protein composed of the 
membrane- bound [NiFe]-hydrogenase from 
R. eutropha H16 and the peripheral photo-
system I (PSI) subunit PsaE (involved in the 
docking of Fd to the PSI) of the cyanobacte-
rium Thermosynechococcus elongatus. The 
resulting hydrogenase-PsaE fusion protein 
when associated with PsaE-free PSI sponta-
neously formed a complex which showed 
light-driven hydrogen production at a rate of 
0.58 μmol H2/mg chlorophyll/h. The com-
plex retained accessibility to the native elec-
tron acceptor Fd, which is necessary for 
autotrophic growth of these cells. But unfor-
tunately, the activity was totally suppressed 
in the presence of the physiological PSI part-
ners, Fd and FNR. In an attempt to establish 
a H2 photoproduction system in which the 
activity is not interrupted by Fd and FNR, 
the same group introduced a chimeric pro-
tein of PsaE and cytochrome c3 (cytc3) from 
D. vulgaris into the cyanobacterium 
Synechocystis sp. PCC6803 (Ihara et al. 
2006). The covalent adduct of cytc3 and 
PsaE assembled with PsaE-free PSI and 
formed a complex which was still able to 
reduce Fd for photosynthesis (approximately 
20 % of the original activity). Interestingly, 
this complex was able to drive hydrogen pro-
duction when coupled with hydrogenase 
from D. vulgaris even in the presence of Fd 
and FNR, although the rate was limited 
(around 0.30 μmol H2/mg chlorophyll/h). 
These results suggest, however, that this type 
of complex may eventually be modified to 
produce H2 in vivo. More recently, Cl. aceto
butylicum [FeFe]-hydrogenase was fused 
with Synechococcus sp. PCC 7002 PSI via a 
1,6-hexanedithiol molecular wire (Lubner 
et al. 2010). However, while this complex also 
catalyzed light-dependent H2 production in 
vitro, the abiotic nature of the wire make the 
system difficult to implement in vivo. 
Another system in which a fused PSI-[NiFe]-

hydrogenase complex was immobilized on a 
gold electrode (Krassen et al. 2009) pro-
duced H2 at the equivalent of 3 mmol H2/mg 
chlorophyll/h (Bürstel et al. 2011), it then 
was suggested that this system is analogous 
to the in vivo situation where membrane-
bound PSI receives electrons from the photo-
synthetic electron transport chain (Bürstel 
et al. 2011).

C. Protein Engineering to Improve the 
O2-Tolerance of Hydrogenases

To develop a viable H2 technology, hydroge-
nases should work in presence of O2. Indeed, 
the direct biological photoproduction of 
hydrogen at the expense of water oxidation 
will unavoidably lead to a certain exposure 
to O2. Similarly, the bio-fuel cells operate 
necessarily with O2 to realize the oxidation 
of H2 by hydrogenases. Thus, improving 
hydrogenase oxygen resistance is then a 
major challenge for a broad range of bio-
technological applications such as hydrogen 
photoproduction, bio-fuel cells, and biosen-
sors. As said above, there are currently sev-
eral projects in progress with the single 
objective of identifying and expressing natu-
ral O2-tolerant [NiFe]-hydrogenases in model 
host organisms in order to over- express the 
hydrogenases of interest or to improve H2 
production.

Another strategy is to carry out molecular 
engineering studies directly on the hydroge-
nases by directed mutagenesis for instance. 
Significant interest surrounds molecular 
engineering studies aimed at achieving 
hydrogenases with low levels of sensitivity 
to O2 (Bürstel et al. 2011), and standard O2- 
sensitive [NiFe]-hydrogenases are often the 
target of these studies because they are 
reversibly inhibited by oxygen unlike [FeFe]-
hydrogenases. One major difficulty, however, 
lies in the complexity of the maturation pro-
cess associated with the low production of 
native [NiFe]-hydrogenases. One of the most 
studied is the periplasmic O2- sensitive 
[NiFe]-hydrogenase from Desulfovibrio 
fructosovorans (Rousset et al. 1998). This 
enzyme is soluble, highly produced, genetically 
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accessible and it can be crystallized without 
much difficulties. All the mutants of interests 
were fully characterized, at the structural, 
spectroscopic and kinetic levels. Studies of 
this enzyme, at the molecular level, enabled 
to determine the mechanisms of electron 
transfer (Dementin et al. 2006, 2011), of pro-
ton transfer (Léger et al. 2004) and to 
increase the tolerance towards O2 (Dementin 
et al. 2009; Liebgott et al. 2010; Dementin 
et al. 2011). Research strategies to increase 
the tolerance towards oxygen have been pri-
marily inspired by some key features 
observed in the O2-tolerant hydrogenase 
from R. eutropha H16 (Bleijlevens et al. 
2004; Burgdorf et al. 2005; Fritsch et al. 
2011). Thus, two general strategies have 
been followed: (1) slowing down the oxygen 
diffusion along the gas channel and (2) 
changing the reactivity of oxygen with the 
active site.

1. Slowing Down of the Oxygen Diffusion 
Along the Gas Channel

Firstly, it is important to understand how the 
structure of the tunnel in hydrogenases deter-
mines the diffusion rate and possibly the 
selectivity of the enzymes with respect to 
substrates and inhibitors of similar sizes. 
From a multiscale simulation approach, 
associated with the comparison between the 
sequences and biochemical properties of 
homologous [NiFe] hydrogenases, it has 
been proposed that diffusion in these 
enzymes is controlled by two gates, which 
guard the entrance of the active site 
(Fig. 3.3a), and may determine the accessi-
bility of the active site and therefore the 
resistance to O2. One is located between resi-
dues 74 and 476 and the other between resi-
dues 74 and 122 (Fig. 3.3a) (Volbeda and 
Fontecilla-Camps 2004; Kim et al. 2012; 
Topin et al. 2012) (We use D. fructosovorans 
amino acids numbering throughout). This 
hypothesis has been erratically supported 
by the results of mutagenesis studies. Both 
R. eutropha H16 and R. capsulatus RH (regula-
tory hydrogenase) become oxygen sensitive 
when the two conserved bulky amino-acids, 

Phe122 and Ile74, are replaced with 
smaller residues, Leu and Val respectively, 
which are conserved in “standard,” O2-
sensitive [NiFe] hydrogenases, such as those 
from D.  fructosovorans and A. vinosum 
(Burgdorf et al. 2005; Duche et al. 2005).

Conversely, inspired by the RH, substitu-
tions of the Val74 and Leu122 with isoleu-
cine and phenylalanine, respectively, were 
carried out in the [NiFe]-hydrogenase from 
D. fructosovorans (Fig. 3.7). Surprisingly, 
these substitutions did not improve O2 toler-
ance and did not significantly modify the 
catalytic properties of the enzyme under 
anoxic conditions (Dementin et al. 2009). 
Consequently, the residue bulkiness at these 
positions was not the only parameter affect-
ing O2 tolerance. Indeed, the existence of two 
control points in different locations might 
explain why the reduction in the experimen-
tal diffusion rate does not simply correlate 
with the width of the main gas channel. 
Moreover, the orientation or chemical nature 
of the side chain are also crucial to slow 
down the diffusion rate and the inhibition 
rate by O2 (Leroux et al. 2008).

Fig. 3.7. Rate of inhibition by O2 ( kin
O2 ) plotted against 

the rate of binding of CO (kin
CO). The dashed line 

depicts y = x for which O2-inhibition rate would be a 
linear function of diffusion rate; the plain line is the 
best fit to equation: 1 1 12 2/ / / maxk k kin

O
in
CO

in
O= + , 

with kin
O2 max  = 32 s−1 mM(O2)−1. Error bars repre-

sent either the deviation from the average of three to 
five independent determinations or the estimated error 
introduced from the extrapolation to 40 °C (Adapted 
from Liebgott et al. 2010).
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a. Slowing Down of the Diffusion Rate

In order to explore the respective roles of the 
bulk, hydrophobicity, charge and polarity, a 
number of single and double mutants at posi-
tions 122 and/or 74 have been constructed 
and purified. Val74 was replaced with aspar-
tate (D), asparagine (N), tryptophan (W), 
glutamate (E), glutamine (Q), isoleucine (I), 
and phenylalanine (F) while Leu122 was 
replaced with phenylalanine, alanine (A) and 
methionine (M) (Liebgott et al. 2010). The 
mutants were screened using PFV to esti-
mate different parameters such as the rate of 
inhibition by CO (kinCO; the limiting step is 
the diffusion rate) and the rate of O2- 
inhibition (kinO2; the limiting step is the reac-
tion rate) (Leroux et al. 2008; Liebgott et al. 
2010) (Fig. 3.7).

The effect of the mutations that keeps the 
side chain hydrophobic indicates a simple 
correlation between bulk and diffusion rate. 
Compared to the wild-type (WT), the diffu-
sion rate is reduced by about two orders of 
magnitude for the V74F and about three 
orders of magnitude for the V74W. The 
increase of the molecular volume (calculated 
according to Ref. Häckel et al. 1999) of the 
amino-acid side chains lining the channel 
has a strong influence on the diffusion rate. 
In this set of experiments, the effect observed 
is only due the steric hindrance that shrivels 
the tunnel (Fig. 3.7).

In the case of polar amino-acids, two lev-
els of impact were observed on diffusion, 
involving both bulk and charge. The influ-
ence of changing the size and polarity of the 
residue at position 74 was analyzed by com-
paring the V74E, V74D, V74Q and V74N 
mutants two at a time. Increasing the length 
of the side chain by one carbon (V74D to 
V74E, or V74N to V74Q) slows the diffusion 
rate about 30-fold. The magnitude of this 
effect lies within the same range as that 
observed with hydrophobic residues. 
Nevertheless, charge also matters as the sub-
stitution V74 to D74 slows the diffusion by a 
factor 40, while the molecular volume of 
aspartate is 40 % smaller than that of valine 
(Häckel et al. 1999). The polarity has an even 

stronger impact as the substitution V74 to 
Q74 reduces the diffusion by about four 
orders of magnitude, while the molecular 
volumes of these two amino acids are quite 
similar (Häckel et al. 1999). Within the polar 
amino acids, replacing a carboxylic acid 
with an amide, keeping the Van der Waals 
volume constant (V74E to V74Q, or V74D 
to V74N), slows diffusion by a factor of 
about 12. The two contributions, size and 
polarity, are independent of each other, and 
therefore the combination of the two (V74D 
to V74Q) decreases the rate of diffusion by 
more than two orders of magnitude. The 
electrostatic interaction of the amino acid 
side chains lining the tunnel is therefore very 
unfavourable to CO diffusion (Fig. 3.7). This 
could be due to a direct interaction of the 
polar group with the gas molecule or the 
Arg476 residue (residue strictly conserved 
within [NiFe]-hydrogenases, which lead to 
complications in actual experimental muta-
tions), or to the stabilization of a water mol-
ecule that would be part of the barrier to 
ligand entry, as observed in certain myoglo-
bin mutants (Nienhaus et al. 2003).

b. Slowing Down of the Inhibition Rate by O2

In [NiFe] hydrogenase, the rate of inhibition 
by CO is about four orders of magnitude 
faster than the rate of aerobic inhibition 
(3.104 s−1/M) (Léger et al. 2004; Liebgott 
et al. 2010). Considering that CO and O2 dif-
fuse within the protein at about the same 
rate, this observation implies that the rate of 
inhibition by O2 is limited by the reaction at 
the active site. Mutations such as V74N or 
V74W decrease the rate of intramolecular 
diffusion by blocking the tunnel, but this has 
no effect on the overall reaction with O2 
because the diffusion process does not limit 
the inhibition rate (Fig. 3.7). However, other 
mutations decrease the rate of diffusion in 
such a large extent (three orders of magni-
tude for V74E or four orders of magnitude 
for V74Q) that this step becomes limiting 
because is slower than the reaction of O2 at 
the active site, thus decreasing the overall 
rate of inhibition by O2.
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2. Changing of the Reactivity of Oxygen 
with the Active Site

Contrary to the ReRH, the O2 tolerance of 
both MBH and SH is performed by a pecu-
liar reaction of the active site with O2. In the 
case of MBH the presence of a unique proxi-
mal [4Fe-3S] cluster is thought to be respon-
sible for the tolerance of these hydrogenases 
towards O2. The complexity and specificity 
of the maturation process of this unique 
[4Fe-3S] cluster will make the realization of 
variant enzymes, mimicking the capacities 
of O2-tolerant [NiFe] Hydrogenases (MBH), 
more difficult. However, drawing inspiration 
from ReSH various mutations have been car-
ried out. Amino acids like cysteine and 
methionine have a high affinity for oxygen, 
which results in a strong reactivity with reac-
tive oxygen species and they are also known 
to participate in oxidative stress responses 
and protection in several proteins (Kim et al. 
2001; Stadtman et al. 2002; Stadtman 2004, 
2006; Reddie and Carroll 2008). With this 
knowledge in mind, several mutants at posi-
tion 74 and 122 have been performed to 
replace valine by methionine or cysteine 
(Dementin et al. 2009).

a. Introduction of Methionines in the 
Gas Channel Near the Active Site

In order to decrease the sensitivity of the 
[NiFe] hydrogenase from D. fructosovo
rans, the effects of replacing Val74 and 
Leu122 with methionines have been tested. 
Indeed, methionines placed at the entrance 
of the active site cavity at positions V74M 
and L122M may protect the Ni-Fe site 
from oxidation, either by reacting or at 
least by interacting with the oxygen spe-
cies present at the active site under oxidiz-
ing conditions (Volbeda et al. 2005). The 
goal of that substitution was twofold: 
slowing diffusion and modifying the reac-
tivity with O2.

At diffusion rate level, the molecular 
 volume of methionine is 30 % larger than 
that of valine and about the same as leucine 
(Häckel et al. 1999). The diffusion rate in the 

case of the V74M-L122M is decreased by 
more than two orders of magnitude and even 
three orders of magnitude for the V74M 
(Fig. 3.7), which goes far beyond the 
expected effect of the volume increase on the 
diffusion. The interaction of gases with 
methionine is therefore stronger than a sim-
ple steric obstruction. Indeed, another inter-
esting property of the V74M-L122M mutant 
was detected by PFV: unlike the WT enzyme, 
it partly reactivates in the presence of H2 
even under very oxidizing conditions 
(Dementin et al. 2009) (Fig. 3.8). The V74M 
mutant also reactivates under H2 at high 
potential but to a lesser extent (Dementin 
et al. 2009). This process is slow and has a 
small amplitude, but it is significant because 
under the very oxidizing conditions used in 
the experiments, one would expect nothing 
but the inactivation of the enzyme (Vincent 
et al. 2007; Leroux et al. 2008) (Fig. 3.8).

Crystallographic and spectroscopic stud-
ies showed that methionines are not modified 
in the oxidized enzymes but that they inter-
act with the active site by modifying its envi-
ronment. FTIR studies determined that the 
mutants were inactivated more slowly and 
reactivated more rapidly than the native 
enzyme. This slower inactivation is attrib-
uted to a reduced active site accessibility that 
is due to partial tunnel obstruction by the 
mutations (Leroux et al. 2008). However the 
faster activation necessarily involves a 
quicker removal of the bound oxygen spe-
cies. This was assumed to involve methio-
nine that would stabilize the rearrangement 
of the oxygen species that is necessary to 
allow its protonation, facilitating its escape 
from the oxidized enzyme. As a result, the 
phenotype of the V74M and V74M-L122M 
mutants is not a consequence of a modifica-
tion of the structure of the active site, but 
rather reveals subtle changes in the kinetics 
of the reaction with O2.

These different studies clearly showed 
that the V74M-L122M and V74M mutated 
hydrogenases became O2 tolerant, since 
these mutant hydrogenases continued to 
operate in the presence of 150 μM of O2, 
which is close to the O2 concentration of 
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Fig. 3.8. The inhibition by O2 of D. fructosovorans [Ni-Fe]-hydrogenase selected mutants. (a) The change in 
dioxygen concentration plotted against time, reconstructed from the amount of O2 injected and the time constant 
of the exponential decay; the latter is calculated from fitting the change in current. (b) The plain lines show the 
change in [Ni-Fe]-hydrogenase activity (current i normalized by its value i(0) just before the inhibitor is added); 
(c, d) Enlarged views of the data in b, showing the decreases in current after the first exposure to O2 (c) and the 
partial reactivation of the L122M-V74M mutant (d). E = +200 mV versus SHE, T = 40 °C, pH 7, electrode rota-
tion rate w = 2 kr.p.m (Adapted from Liebgott et al. 2010).

200 μM in air-equilibrated solutions 
(Dementin et al. 2009).

b. Introduction of a Cysteine in the 
Gas Channel Near the Active Site

As described above, the O2-tolerance of 
membrane-bound [NiFe]-hydrogenases, 
results from the fact that they only convert 
into the Ni-B state under O2. Moreover, the 
reactivation rate of this inactive state is 
greater than that of the same species in O2- 
sensitive enzymes. In order to test the reac-
tion of a thiol function with O2, the valine 74 
in the wild type enzyme, has been exchanged 
with a cysteine (Liebgott et al. 2011). The 
obtained mutant has showed an activity 
during several minutes under oxygenated 
atmosphere. Further FTIR and PFV experi-
ments showed that the inhibition of V74C by 
oxygen led to the formation of Ni-B state 
only, unlike the wild-type enzyme (Fig. 3.9). 
Moreover, the Ni-B state of V74C reactivated 
17–25 times faster than the same species in 

the wild type (Fig. 3.9). Two other point 
mutations, at the level of valine 74, have 
been constructed to further address the role 
of cysteine 74 in modulating oxygen reactivity. 
The V74S and V74N mutations have showed 
also a significant increase of the rate of 
reactivation after inactivation under aerobic 
conditions (~ 4 and 11 times faster than wild 
type), although these rates are smaller than 
that of V74C (Fig. 3.10) Thus, the V74C 
mutant exhibits similar features typical of 
the naturally-occurring oxygen- tolerant 
hydrogenases (MBH). However, in the resis-
tant EcMBH, ReMBH and AaMBH enzymes, 
it has been hypothesized that an additional 
source of electrons supplied to the active site 
would be responsible for the conversion into 
the Ni-B species only. V74C cannot supply 
electrons but from a combination of bio-
chemical, spectroscopic (EPR, FTIR), X-ray 
and PFV studies, the authors proposed that 
V74C accelerates the electron transfer from 
the FeS clusters to the active site. This may 
promote (i) complete reduction of O2 into 
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Fig. 3.9. Reactivation of the WT (red) and V74C (purple) enzymes, at90 mV, pH 5.5, 1 atm of H2, after aerobic 
inactivation at + 215 mV, under 1 atm of Argon. The WT reactivates in two phases (NiB and NiA or ‘ready’ and 
‘unready’ states respectively). In contrast, the reactivation of the V74C mutant is essentially monophasic and has 
a time constant of reactivation 20 times faster than for WT (Adapted from Liebgott et al. 2011).

Fig. 3.10. Aerobic inhibition of D. fructosovorans WT (red), V74C, (purple), V74S (cyan), and V74N (green) 
and A. aeolicus MBH (dark blue) hydrogenases adsorbed at a rotating electrode poised at +140 mV, 40 °C, pH 5.5, 
1 atm H2. (a) Oxygen concentration in the cell during experiment. The three peaks correspond to injections of 
100, 200, and 500 μL of an air-saturated solution (b) Effect of O2 on enzyme’s activity. The traces were recorded 
after a 200 s (WT) or 500 s (V74C) poise at +140 mV (Adapted from Liebgott et al. 2011).

H2O and OH−, which favors the formation of 
the Ni-B state and (ii) fast reactivation of this 
state (Dementin et al. 2011). Thus, with the 
V74M and V74M-L122M mutants (Dementin 
et al. 2009), the V74C mutant provides 
another evidence that it is possible to improve 
the oxygen tolerance of hydrogenases, which 
is a prerequisite for their biotechnological 

use in air. Interestingly, the V74C mutant 
was not designed to copy the sequence of the 
oxygen resistant enzymes, these results are 
totally unexpected but they suggest new 
strategies for conceiving oxygen-tolerant 
enzymes.

The main outcome of these studies is the 
demonstration that it is possible to induce 
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O2-tolerance in a [NiFe] hydrogenase, in 
such a way that modified enzymes are active 
in the presence of O2 at concentrations close 
to that in air-equilibrated solutions. The fact 
that the substitutions tested are located in 
conserved regions makes it possible to engi-
neer [NiFe]-hydrogenases in a wide range of 
organisms, as heterologous expression of 
[NiFe]-hydrogenase is still difficult. This 
achievement opens the way for future devel-
opment in the field of biological hydrogen 
production or utilization.

V. Conclusion

Hydrogenase engineering is a very difficult 
issue not only because of the complexity of 
these enzymes but also because of the vital 
processes in which they are involved. 
However, in spite of the difficulties, research 
is very active in several countries because of 
the potential spin offs that might participate 
in the development of a new hydrogen 
energy economy. The enzyme bias, substrate 
specificity and oxygen resistance are the 
main domains in which some progress have 
already been made, opening the way towards 
future applications. But other issues, like 
heterologous expression of [NiFe]-hydro-
genases that would facilitate molecular 
research and organism engineering or deci-
phering the catalytic mechanism that would 
allow the development of biomimetic 
 catalysts, are also the subjects of intense 
research and will contribute to biohydrogen 
implementation.
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  Summary 

   The simple nutritional requirements of cyanobacteria, the availability of molecular tools and 
genome sequences, as well as the recent genome scale-models of  Synechocystis  sp. PCC 6803 
make these photosynthetic prokaryotes attractive platforms for the production of added-value 
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compounds, namely hydrogen. Naturally, these organisms may contain up to three types of 
enzymes directly involved in hydrogen metabolism: one or more nitrogenases that evolve H 2  
concomitantly with N 2  fi xation, an uptake hydrogenase that recycles the H 2  released by the 
nitrogenase, and a bidirectional hydrogenase. Signifi cant contributions from studies of genetic 
engineering, transcriptional regulation and maturation, and assessment of enzymatic activities 
in response to various environmental cues led to gaining further control of the mechanisms by 
which one can engineer cyanobacteria for H 2  production. In this chapter, the classical approaches 
of screening natural communities for improved activities, the manipulation of native enzymes 
and/or growth conditions, and the expression of heterologous hydrogenases into or from cya-
nobacteria will be summarized. Moreover, the recent synthetic biology approaches pursuing 
the use of cyanobacteria as photoautotrophic chassis, as well as the construction and charac-
terization of synthetic parts and devices aiming at improving H 2  production will be reviewed. 
However, the generated knowledge and the molecular/synthetic tools developed in this fi eld 
represent a valuable contribution not only to improve biohydrogen production but also to fur-
ther drive the technology related to other biofuels and various industrial applications.      

 Abbreviations:        OCD    – Oxygen Consuming Device;    
  SB –    Synthetic Biology    

    I. Introduction 

 Besides sharing the basic cellular features of 
other Bacteria, cyanobacteria possess unique 
and diagnostic characteristics. Distinctively, 
cyanobacteria are the only organisms ever to 
evolve coupled photosystems that harvest 
electrons from water and produce oxygen as 
a byproduct (Knoll  2008 ). They are photo-
synthetic prokaryotes typically possessing 
the ability to synthesize chlorophyll  a  
(Whitton and Potts  2000 ) although four dis-
tinctive lineages produce alternative chloro-
phyll pigments (Swingley et al.  2008 ). 

 In terms of Earth history, cyanobacteria 
occupy a privileged position among organ-
isms. As primary producers they play a 
signifi cant role in Earth’s carbon cycle; as 
nitrogen fi xers, they also fi gure prominently 
in the nitrogen cycle (Knoll  2008 ). Moreover, 
they also loom large in our planet’s redox 
history (Knoll  2008 ). One of the major 
changes on Earth, the introduction of oxygen 
into the atmosphere is widely accepted to be 
attributed to the photosynthetic activity of 
cyanobacteria. Cyanobacterial ecological 
plasticity is remarkable and their long evolu-
tionary history is possibly related to their 
success in modern habitats. They are mostly 

found in aquatic, but also in many terrestrial 
environments (Whitton and Potts  2000 ). 
They can even be found growing near the 
limits for life in the dry deserts of Antarctica 
or in many thermal springs (Whitton and 
Potts  2000 ). Symbiotic interactions between 
cyanobacteria and other organisms are sur-
prisingly diverse (Costa  2004 ): in these asso-
ciations, cyanobacteria provide different 
hosts with fi xed carbon, with the product of 
nitrogen fi xation or with both products 
(Costa  2004 ). The secret that certainly con-
tributes for the cyanobacterial easy adap-
tation to numerous ecological niches and 
makes them the driving force for shaping 
nearly every ecosystem on Earth is defi nitely 
their physiological fl exibility. 

 Cyanobacteria are the only diazotrophs 
that perform oxygenic photosynthesis, 
and since the enzymatic complex carrying out 
nitrogen fi xation – the nitrogenase – is 
extremely sensitive to oxygen, they present 
different strategies to cope with this incom-
patibility. Although these strategies are 
usually divided in spatial (N 2  fi xation in spe-
cialized cells – the heterocysts) or temporal 
(N 2  fi xation confi ned to the dark period) 
(Herrero et al.  2001 ), there is a range of mech-
anisms far more complex (for details see 
Berman-Frank et al.  2003 ). Nitrogen fi xing 
cyanobacteria contain the so-called conven-
tional nitrogenase with Mo and Fe in the 
active site, but some heterocystous strains 
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e.g.  Anabaena variabilis  may also contain 
“alternative” nitrogenases (Thiel  1993 ; Bothe 
et al.  2010 ). Under Mo-deprived conditions 
the MoFe nitrogenase is replaced by a V nitro-
genase, or in the absence of this element by a 
Fe only-nitrogenase (the existence of this 
enzyme has not yet been established in cyano-
bacteria). The reduction of atmospheric nitro-
gen to ammonium is always accompanied by 
the formation of molecular hydrogen as a 
byproduct. It has been reported that alterna-
tive nitrogenases are better H 2  producers com-
pared with the MoFe nitrogenases but very 
little work has been performed on this subject. 
For an overview see Bothe et al. ( 2010 ). 

 Closely related to the ability to fi x nitrogen, 
cyanobacteria possess a distinct H 2  metabo-
lism. The H 2  produced by nitrogenase is rap-
idly consumed by an uptake hydrogenase, an 
enzyme that has been found in all nitrogen fi x-
ing cyanobacteria examined so far. In  2006 , 
Ludwig    et al. ( 2006 ) reported the existence of 
a N 2 -fi xing strain,  Synechococcus  sp. BG 
043511, naturally lacking an uptake hydroge-
nase and this was believed to be the fi rst excep-
tion to the rule. However, recent work carried 
out by Skizim and co-workers has shown that 
this strain, now referred to as  Cyanothece  sp. 
Miami BG 043511, does in fact possess not 
only the genes but also a functional hydroge-
nase (Skizim et al.  2012 ). Additionally, 
 cyanobacteria may contain a bidirectional 
hydrogenase, an enzyme that is generally pres-
ent in non-nitrogen fi xing strains. However, it 
is absent in  Gloeobacter violaceus  PCC 7421, 
a cyanobacterium that possesses a number of 
unique characteristics such as the absence of 
thylakoids (Nakamura et al.  2003 ). 

 In summary, cyanobacteria may contain 
up to three types of enzymes directly involved 
in hydrogen metabolism: one or more nitro-
genases that evolve H 2  concomitantly with 
dinitrogen fi xation, an uptake hydrogenase 
that recycles the H 2  released by the 
nitrogenase(s), and a bidirectional hydroge-
nase. In these organisms, H 2  is naturally 
produced by the nitrogenase or in specifi c 
conditions (e.g. dark anaerobic) by the bidi-
rectional hydrogenase. Therefore, given what is 
known in terms of H 2  metabolism, minimal 
nutritional requirements, and physiology, 

cyanobacteria emerge as prime candidates 
for H 2  production. In this chapter we focus 
on the efforts to manipulate their native 
enzymes and/or environmental conditions, 
as well as in the recent synthetic biology 
approaches to improve H 2  production.  

   II. Transcriptional Regulation 
and Maturation of Cyanobacterial 
Hydrogenases 

 Transcriptional regulation of cyanobacterial 
hydrogenases has deserved some attention 
over time, and signifi cant advances have 
been accomplished in this fi eld. In an attempt 
to assess the role of hydrogenases in cell fi t-
ness and physiological fl exibility, several dif-
ferent strains have been grown (or subjected) 
to numerous environmental conditions, and 
the understanding of which cues trigger an 
up- or down-regulation of the hydrogenases 
genes transcription is fairly understood. It 
is not our intention to extensively review this 
topic here (for more details, the reader is 
suggested to see Oliveira and Lindblad  2009 ; 
Bothe et al.  2010 ). Nevertheless, given the 
fact that several contributions have been 
made in recent years it is worth referring in a 
bit more detail the work carried out on the 
characterization of transcription factors and 
transcription networks. 

 On one hand, the cyanobacterial uptake 
hydrogenase seems to be under the control of 
NtcA in unicellular (Oliveira et al.  2004 ), 
fi lamentous (Leitão et al.  2005 ; Ferreira et al. 
 2007 ) and heterocystous (Weyman et al. 
 2008 ; Holmqvist et al.  2009 ) strains. NtcA 
operates global nitrogen regulation in cyano-
bacteria, and these observations support the 
notion that part of the hydrogen metabolism 
is clearly related with nitrogen metabolism, 
namely overlapping with the process of 
nitrogen fi xation. 

 On the other hand, cyanobacterial AbrB- 
like regulators have been shown to play a key 
role in the bidirectional hydrogenase genes 
transcription. Cyanobacterial AbrB- like pro-
teins (also known as CalA and CalB, CyAbrB 
clade A and clade B, or AbrB1 and AbrB2) 
present a certain degree of sequence homol-
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ogy to the  Bacillus subtilis  AbrB, which is a 
transition state regulator and involved in 
spore formation (Phillips and Strauch  2002 ). 
However, despite the sequence homology, the 
cyanobacterial AbrB-like proteins do not 
seem to be involved in the regulation of the 
same set of genes as in  B. subtilis . Instead, the 
cyanobacterial AbrB-like regulator AbrB2 
(CalB – Sll0822) was shown to have a broad 
range of regulatory points: (i) it works in 
parallel with NtcA to achieve fl exible regula-
tion of the nitrogen uptake system in 
 Synechocystis  sp. PCC 6803 (Ishii and Hihara 
 2008 ), (ii) AbrB2 is also directly involved in 
the modulation of low-CO 2 -induced gene 
expression (Lieman-Hurwitz et al.  2009 ), and 
(iii) it regulates the promoter activity of 
functional antisense RNA of an operon that 
plays a crucial role in photoprotection of 
photosystem II under low carbon conditions 
(Eisenhut et al.  2012 ). Moreover, AbrB2 was 
demonstrated to interact with itself (Sato 
et al.  2007 ), suggesting to work as an oligomer, 
and most importantly to function as an auto-
repressor (Dutheil et al.  2012 ), inhibiting as 
well the bidirectional hydrogenase operon 
transcription in  Syne chocystis  sp. PCC 6803 
(Ishii and Hihara  2008 ; Dutheil et al.  2012 ). 
Furthermore, AbrB1 (CalA – Sll0359) has 
been equally implicated in the regulation of 
the hydrogenase operon in  Synechocystis  sp. 
PCC 6803, suggested to work as an activator 
(Oliveira and Lindblad  2008 ). The regulatory 
network operating on the fi ne tuning of 
the hydrogenase operon expression in 
 Synechocystis  sp. PCC 6803 becomes more 
complicated with three additional pieces of 
evidence: fi rstly, AbrB1 and AbrB2 have the 
capacity to interact with each other, as 
assessed by yeast two hybrid interactions 
(Sato et al.  2007 ) and his-tag pull down 
assays (Yamauchi et al.  2011 ), indicating that 
a regulatory balance may be achieved by pro-
tein-protein interactions; secondly, the AbrB-
like proteins were shown to be modifi ed on a 
post-translational level (Shalev- Malul et al. 
 2008 ), which introduces another level of pos-
sible regulation; and fi nally, a third transcrip-
tion factor has also been shown to positively 
regulate the expression of this operon, namely 
LexA (Gutekunst et al.  2005 ), which can also 

be modifi ed on a post- translational level 
(Oliveira and Lindblad  2011 ). 

 The action of AbrB-like proteins on the 
transcriptional regulation of the genes 
involved in hydrogen metabolism in cyano-
bacteria is not limited to the bidirectional 
hydrogenase. Recent work by Holmqvist and 
co-workers showed that AbrB1 binds specifi -
cally to the promoter region of  hupSL , genes 
encoding the uptake hydrogenase in  Nostoc 
punctiforme  ATCC 29133 (Holmqvist et al. 
 2011 ), suggesting a possible active role in 
controlling their expression.  Anabaena  sp. 
PCC 7120 AbrB1 (Alr0946) was found 
to regulate negatively the hydrogenase 
accessory gene  hypC  (Agervald et al.  2010 ). 
Finally, in the fi lamentous non-heterocystous 
cyanobacterium  Lyngbya majuscula  CCAP 
1446/4, NtcA was shown to interact specifi -
cally with the  hyp  genes promoter (Ferreira 
et al.  2007 ), indicating a possible co-regula-
tion of  hyp  and  hup  genes via NtcA in 
response to various sources and amounts of 
nitrogen in the medium. 

 Hydrogenase accessory proteins, like 
HypC mentioned above are chaperones that 
assemble the various components of the 
hydrogenase NiFe active site and coordinate 
it with the enzyme’s amino acid structure. A 
fi nal maturation step consists of a proteolytic 
cleavage of the hydrogenase large subunit 
C-terminus, which can be regarded as a con-
trol checkpoint since it occurs only when all 
the active site components have been prop-
erly introduced. This step precedes the assem-
bly between the hydrogenase small and large 
subunits, rendering a functional enzyme. The 
literature on this topic is quite scarce in 
respect to cyanobacteria and most of what is 
known regarding maturation of hydrogenases 
derives from work carried out in e.g. 
 Escherichia coli . Considering that the 
hydrogenase accessory genes in  E. coli  share 
a high degree of homology with the cyano-
bacterial ones, it was generally assumed that 
the Hyp proteins in cyanobacteria would play 
a similar role. It was the work of Hoffmann 
and co-workers that fi nally set this question, 
when they were able to show convincingly 
that the hydrogenase accessory proteins in 
 Synechocystis  sp. PCC 6803 have a direct 
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involvement in the bidirectional hydrogenase 
maturation (Hoffmann et al.  2006 ). In fi la-
mentous heterocystous strains the only work 
available addressing the role of the hydroge-
nase accessory genes on the enzyme’s matu-
ration was done by Lindberg and co-workers, 
assessing the function of  hupW  in  Anabaena  
sp. PCC 7120 (Lindberg et al.  2012 ). In this 
article,  hupW  is presented as the specifi c pro-
tease that completes the uptake hydrogenase 
maturation, leading to a hydrogen evolving 
phenotype (see below). In summary, the main 
driving forces for studying transcriptional 
regulation of cyanobacterial hydrogenases 
and the complex process of hydrogenase mat-
uration have been (i) to improve the under-
standing of the physiological relevance of the 
hydrogen metabolism in cyanobacteria, (ii) to 
unravel novel overlapping points with other 
metabolic pathways, and (iii) to gain further 
control on the mechanisms by which one can 
engineer cyanobacteria for H 2  production.  

   III. Strategies to Improve 
Cyanobacterial H 2  Production 

 Over the years, several strategies have been 
adopted in an ultimate effort to improve cya-
nobacterial H 2  production. In the present 
review, we divide these efforts into “classi-
cal” and “synthetic biology” approaches. 
The fi rst includes conventional work carried 
out in different domains of cell and mole-
cular biology, ranging from thorough selec-
tions of cyanobacterial H 2  producers to 
simple genetic manipulations of key enzymes 
involved in the hydrogen metabolism. The 
latter represents a modern approach, where 
standardized and interchangeable modules 
are routinely used to assist rational metabolic 
engineering methodologies. 

   A. Classical Approaches 

   1. Screening for Strains/Enzymes 
with Improved Activities 

 To work with widely used and well charac-
terized cyanobacterial model organisms has 
clear advantages regarding the study of the 

hydrogen metabolism. Genetic tools for their 
manipulation are usually well established 
(enabling the production of both knock-outs 
and knock-ins) and the amount of physiolog-
ical and genetic data available supports a rea-
sonably good understanding of the organism’s 
overall metabolism. However, it is evident 
that cyanobacterial strains yet to be described 
may have different and more attractive per-
formances regarding hydrogen evolution 
than the standard reference cyanobacteria. 
Therefore, serious efforts have been put 
together to screen both existing culture col-
lections and environmental samples to search 
for more effi cient H 2  producers. The work 
carried out by Allahverdiyeva et al. ( 2010 ) 
represents a good example of such approach: 
they describe a screen of 400 cyanobacterial 
isolates from the Baltic Sea and Finnish 
lakes and conclude that roughly half of the 
tested strains produce detectable amounts of 
H 2 . Interestingly, ten of the evaluated strains 
evolved similar or up to four times as much 
hydrogen as uptake hydrogenase deletion 
mutants created in various laboratories and 
specifi cally engineered to evolve higher 
amounts of H 2  (Allahverdiyeva et al.  2010 ). 
These newly described strains represent 
excellent candidates for further characte-
rization and future genetic engineering. 
Cyanobacterial strains isolated from diverse 
environments, including terrestrial, freshwa-
ter and marine intertidal settings, have also 
been the subject of recent studies aiming at 
quantitatively comparing their hydrogenase 
activities under non-nitrogen fi xing condi-
tions (Kothari et al.  2012 ). The authors 
selected these particular environments 
because most of the hydrogen evolving cya-
nobacteria described so far are originally 
from freshwater bodies, making their study 
unique in respect to origin, morphology, 
taxonomy and phylogeny. The main conclu-
sions withdrawn from the work are that 
strains isolated from freshwater and inter-
tidal settings had a high incidence of hydro-
gen production (concurrent with the presence 
of  hoxH , encoding the bidirectional hydrog-
enase large subunit), while all terrestrial iso-
lates were negative for both traits. Moreover, 
and most interestingly, some novel strains 
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displayed rates of hydrogen evolution several 
fold higher than those previously reported, 
making them potentially interesting for bio-
hydrogen production (Kothari et al.  2012 ). 

 In addition, cyanobacterial strains that 
have been once the subject of studies 
regarding various metabolic processes (e.g. 
photosynthesis, and in particular nitrogen 
fi xation) are now evaluated in terms of their 
H 2  evolution capacity. It is worth mentioning 
the work done with  Cyanothece  strains 
(Bandyopadhyay et al.  2010 ,  2011 ; Min and 
Sherman  2010a ,  b ).  Cyanothece  is a genus of 
unicellular nitrogen-fi xing cyanobacteria 
that have the remarkable capacity of per-
forming both oxygenic photosynthesis 
(evolving molecular oxygen) and nitrogen- 
fi xation (a highly oxygen sensitive reaction) 
in the same cell. The ability to fi x N 2  and pro-
duce H 2  was assessed in six  Cyanothece  
strains: ATCC 51142, PCC 7424, PCC 7425, 
PCC 7822, PCC 8801 and PCC 8802 
(Bandyopadhyay et al.  2011 ).  Cyanothece  sp. 
ATCC 51142 showed the highest nitrogenase 
activity as well as H 2  production, followed 
by  Cyanothece  sp. PCC 8802 and PCC 8801. 
From all the strains evaluated in this work, 
 Cyanothece  sp. PCC 7425 was the only one 
unable to fi x N 2  (and produce H 2 ) under aer-
obic conditions and with lower nitrogenase 
activity (Bandyopadhyay et al.  2011 ). More 
extensive work has been carried for 
 Cyanothece  sp. ATCC 51142. This cyano-
bacterium was shown to produce H 2  either 
through the bidirectional hydrogenase or the 
nitrogenase; in the latter case the yield was 
30- to 60-fold higher (Min and Sherman 
 2010a ). H 2  evolution by the hydrogenase 
was shown to be dependent on the electron 
transport by photosystem II whereas the 
activity of nitrogenase relies on photosystem I 
and respiration. Furthermore, it was demon-
strated that H 2  production and N 2  fi xation 
occurred at high rates even under continuous 
light conditions (when  hupSL  transcript levels 
are low). In addition, the results indicated 
that low-oxygen conditions (argon sparging) 
favor H 2  production and N 2  fi xation by the 
nitrogenase (Min and Sherman  2010a ). Also 
in 2010, Bandyopadhyay and co- workers 

reported that the same  Cyanothece  strain 
(ATCC 51142) could generate high levels of 
H 2  under N 2  fi xing and natural aerobic condi-
tions. The production yield was signifi cantly 
enhanced in cultures supplemented with 
glycerol or high CO 2  concentrations, in 
which the excess of carbon source functions 
as a signal for enhanced nitrogenase activity 
(Bandyopadhyay et al.  2010 ). H 2  evolution 
was also evaluated in  Cyanothece  sp. Miami 
BG 043511 and production by the hydro-
genase occurred in dark anoxic conditions, 
using the reducing power derived from 
 fermentation, while H 2  production by the 
nitrogenase occurred in light, relying on 
photosystem I (Skizim et al.  2012 ). Further 
work performed by Min and Sherman 
( 2010b ) showed that in a  Cyanothece  sp. 
PCC 7822 deletion mutant (∆ nifK ) defective 
in N 2  fi xation, cells were unable to grow in 
absence of combined nitrogen and H 2  pro-
duction was nearly abolished in air or low- 
oxygen conditions. 

 Cyanobacterial strains with outstanding 
physiological characteristics and selected for 
particular growth traits are also being target 
of thorough studies (Taton et al.  2012 ). The 
combination of their natural capacities and 
increased environmental fi tness with the 
amenability to genetic modifi cations/manip-
ulations represents an attractive and comple-
mentary way of moving forward towards a 
more sustainable cyanobacterial H 2  producer. 

 Technologies for high-throughput sequen-
cing are developing fast and respective costs 
are dropping. Therefore, its application in 
metagenomics has been tremendous and it 
has enabled the acquisition of information at 
a rate never imagined before. Making use of 
this powerful technique, an alternative 
approach to screen strains for their natural 
ability to evolve molecular hydrogen has 
emerged, consisting instead of searching for 
novel hydrogenase genes, which may encode 
enzymes with a higher oxygen tolerance and/
or a higher H 2  evolving activity. The focus is 
therefore concentrated on fi nding novel 
genes rather than on the organism itself, 
since maintaining and growing a microor-
ganism under laboratory conditions may 
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proof diffi cult. The global ocean sampling 
metagenomic database (Venter et al.  2004 ; 
Rusch et al.  2007 ; Yooseph et al.  2007 ) rep-
resents one of the most adequate starting 
points for such quest. Barz and co-workers 
( 2010 ) have taken the fi rst steps into this 
matter by searching the database for all the 
described families of hydrogenases. In paral-
lel, the authors have also investigated DNA 
isolated from samples taken from the North 
Atlantic, Mediterranean Sea, North Sea, 
Baltic Sea and two fresh water lakes for the 
presence of genes encoding the bidirectional 
hydrogenase. Surprisingly, this study shows 
that hydrogenases are quite abundant in 
marine environments and that marine surface 
waters could be a source of oxygen-resistant 
uptake hydrogenases. Furthermore, this 
approach helps clarifying the primary func-
tion of hydrogenases based on their ecologi-
cal distribution (Barz et al.  2010 ). Certainly 
in a near future, new metagenomic studies 
looking into unexplored environments will 
be presented and novel hydrogenase genes 
will be uncovered with possible improved 
features. The challenging venture will be to 
take that genetic information into a cyano-
bacterium, wire the functional hydrogenase 
with the organism’s metabolism and enhance 
the organism performance in terms of H 2  pro-
duction rates and sustainability. As a matter 
of fact, similar approaches have been done in 
which cyanobacteria are used to express a 
heterologous hydrogenase (see below), the 
main difference here being that the foreign 
hydrogenases usually originate from well- 
known organisms, grown under laboratory 
conditions and with various limitations.  

   2. Tuning Physiological/Environmental 
Conditions 

 Another point that has attracted considerable 
attention over the years regarding the 
improvement of cyanobacterial H 2  produc-
tion is the environment in which the cells are 
grown (or kept) in. When media composi-
tions were initially established, maximiza-
tion of the cells capacity to evolve molecular 
hydrogen was not top priority. Therefore, 

extensive work has been carried out to fi nd 
the best conditions for higher and more sus-
tainable production rates and total amounts. 
Ananyev et al. ( 2008 ) and Carrieri et al. 
( 2010 ,  2011 ) in  Arthrospira  ( Spirulina ) 
 maxima  CS-328 and Burrows et al. ( 2008 , 
 2009 ,  2011 ) in  Synechocystis  sp. PCC 6803 
constitute a few examples of such work. 

 The effort that is being carried out in this 
fi eld is in close association to the develop-
ments achieved in bioreactor design. It is 
not our goal to review what is being done 
in this area (for good and recent reviews 
on the topic, the reader is suggested to read 
Rupprecht et al.  2006 ; Kumar et al.  2011 ; 
Show et al.  2011 ), but it is impossible to miss 
out the multiple and alternative methods 
implemented in the most varied scales to 
optimize cyanobacterial H 2  production.  

   3. Knockout Mutants/Protein Engineering 

 Once the hydrogen metabolism became 
described in cyanobacteria and hydrogenase 
activities determined and characterized, 
identifying the genes coding for the hydrog-
enases structural and accessory proteins 
became the necessary following step. The 
availability of genetic tools to manipulate 
cyanobacteria turned out to be extremely 
useful to further characterize these genes and 
to determine their specifi c role in the hydro-
gen metabolism. The gene coding for the 
uptake hydrogenase large subunit has been a 
clear candidate for knockout constructions 
in various cyanobacterial strains, namely in 
 Anabaena variabilis  ATCC 29413 (Happe 
et al.  2000 ),  Nostoc punctiforme  ATCC 
29133 (Lindberg et al.  2002 ),  Anabaena  sp. 
PCC 7120 (Masukawa et al.  2002 ),  Nostoc  sp. 
PCC 7422 (Yoshino et al.  2007 ),  Anabaena 
siamensis  TISTR 8012 (Khetkorn et al. 
 2012 ). In all these studies, the knockout 
organism was able to evolve signifi cant 
higher amounts of H 2  than the respective 
wild-type, as a direct consequence of the 
organism’s incapacity to recycle the molecu-
lar hydrogen released as byproduct of nitro-
gen fi xation. Moreover, a proteomic study 
identifi ed the specifi c metabolic processes 
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used by the  N. punctiforme  mutant NHM5 to 
maintain the high rate of nitrogen fi xation 
despite the absence of the uptake hydroge-
nase (Ekman et al.  2011 ). Interestingly, all 
strains used in the studies mentioned above 
are invariably fi lamentous, heterocyst-form-
ing cyanobacteria. In addition, a  hupW  (gene 
putatively coding for the uptake hydrogenase 
large subunit protease) deletion mutant in 
 Anabaena  sp. PCC 7120 was recently 
described (Lindberg et al.  2012 ). In this 
study, it was found that molecular hydrogen 
accumulates in comparable amounts as for 
the  hupL  knockout (Lindberg et al.  2012 ), 
suggesting that nitrogenase based H 2  evolu-
tion can also be attained by silencing the 
uptake hydrogenase maturation system. 

 It is quite apparent at this point that using 
nitrogenase as the H 2  producing enzyme in 
cyanobacteria represents a fairly common 
practice to accumulate desirable amounts of 
H 2 . However, the nitrogenase is a very energy 
demanding enzymatic complex (it is esti-
mated that 16 ATP molecules are necessary 
to fi x one molecule of N 2  into two of NH 3 ) 
and H 2  production simply results as a bypro-
duct (one molecule released per 16 ATP 
molecules). Therefore, engineering the cya-
nobacterial nitrogenase has deserved some 
focus with the clear goal of converting it into 
a more effi cient H 2  producing device. 
Nevertheless, it should be noted that the 
nitrogenase is a quite complex multimeric 
enzymatic system, requiring metal coordina-
tion and incorporation into the protein’s 
active site and insertion of FeS clusters that 
mediate the transfer of electrons between 
ferredoxin and the active site for N 2  reduc-
tion. Both of these processes depend on 
several well-known chaperones, but also on 
yet to be described mechanisms. Thus, 
the room for engineering cyanobacterial 
nitrogenases (or any other nitrogenase for 
that matter) is somewhat limited. Regardless 
of the diffi culties, Weyman et al. ( 2010 ) 
created modifi cations on an alternative 
Mo-nitrogenase (Nif2) of  Anabaena variabi-
lis , which is expressed in vegetative cells 
grown with fructose under strictly anaerobic 
conditions. A V75I substitution in the 

α-subunit rendered an enzyme with greatly 
impaired acetylene reduction and reduced 
levels of  15 N 2  fi xation, but with a fourfold 
higher H 2  production in the presence of N 2  
compared with the wild-type and similar H 2  
production rates as the wild-type enzyme in 
an argon atmosphere (Weyman et al.  2010 ). 
The authors concluded that the amino acid 
substitution did not change the ability of the 
mutant enzyme to reduce substrates, but 
instead simply increased the selectivity for 
 substrates. A more comprehensive study was 
carried out by Masukawa and co-workers, 
targeting the nitrogenase active site of 
 Anabaena  sp. PCC 7120. Their efforts were 
concentrated on six nitrogenase amino acid 
residues (Q193, H197, Y236, R284, S285, 
F388) predicted to be located within 5 Å of 
the metal MoFe active center, aiming at 
directing electron fl ow selectively towards 
proton reduction (Masukawa et al.  2010 ). 
The ability to fi x N 2  was moderately or 
severely impaired in nearly all NifD variant 
strains examined, a necessary compromise if 
one aims to redistribute electrons toward 
proton reduction. In terms of H 2  accumu-
lation during long-term incubations under 
physiologically relevant conditions, 11 
selected  Anabaena  sp. PCC 7120 NifD 
variants (namely Q193S, Q193H, Q193L, 
Q193K, H197T, H197F, H197Q, Y236T, 
R284T, R284H and F388H) greatly exceeded 
the H 2  produced by the reference strains 
(ΔNifHΔHupL, ΔHupL, AnNifHΔHupL). 
Among the NifD variants, R284H presented 
the best performance, since the H 2  accumu-
lated under N 2  after 1 week was 87 % of what 
was observed for the reference strains under 
an argon atmosphere (Masukawa et al.  2010 ). 
These encouraging results highlight the 
potential of using some of these nitrogenase 
variants as parental strains for additional 
engineering steps in a concerted effort to 
improve photobiological H 2  production. Still 
regarding the use of nitrogenase as the key 
factor for H 2  production in cyanobacteria, 
but moving away from the protein engineer-
ing approach, an alternative strategy has 
been attempted. This involved the deletion of 
the homocitrate synthase genes ( nifV1  and 
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 nifV2 ) in  Anabaena  sp. PCC 7120 (Masukawa 
et al.  2007 ). The catalytic site of dinitroge-
nase normally binds the FeMo cofactor to 
which homocitrate is ligated. However, 
mutating  nifV  in various microorganisms 
resulted in signifi cantly different nitrogenase 
 in vivo  activities. By creating Δ nifV1 , Δ nifV2  
and Δ nifV1 Δ nifV2  mutants in the Δ hupL 
Anabaena  sp. PCC 7120 strain diazotrophic 
growth rates were decreased moderately to 
severely depending on the mutant in com-
parison to the rates of the parental strain 
(Masukawa et al.  2007 ). The simple fact that 
Δ nifV1 Δ nifV2  mutant cells could grow 
under combined nitrogen depleted condi-
tions indicates that the nitrogenase of this 
strain can fi x N 2  in the absence of homoci-
trate. Interestingly, hydrogen production was 
found to be higher and more sustainable 
under air in the Δ nifV1 mutant than in any 
other evaluated strain, suggesting this can be 
a useful strategy for improving photobio-
logical H 2  production by cyanobacteria 
(Masukawa et al.  2007 ). 

 The potential of the cyanobacterial bidi-
rectional hydrogenase to produce molecular 
hydrogen has also been extensively explored. 
 Synechocystis  sp. PCC 6803, as one of the 
most well studied cyanobacterial strains, has 
been a clear candidate for metabolic engi-
neering. According to Gutthann et al. ( 2007 ), 
cells of  Synechocystis  sp. PCC 6803 growing 
under normal conditions have four main 
electron sinks competing with each other, 
namely the Calvin-cycle (and respective 
inorganic carbon concentrating mecha-
nisms), nitrate, oxygen and protons. 
Gutthann’s suggestion was brought up based 
on various observations and some follow 
below. The  ndhB  gene codes for a key sub-
unit of all NDH-1 (Type I NADPH- 
dehydrogenase) complexes, and consequently 
a knockout mutant of this gene leads to a 
strain devoid of any of such complexes. A 
Δ ndhB  mutant (M55) has been created 
(Ogawa  1991 ) and one of its most remark-
able features has to do with its slow growth 
rates when compared to the wild- type. The 
phenotype can be explained by an impair-
ment of the inorganic carbon concentrating 

mechanisms and by a reduced carbon fi xa-
tion capacity (Ogawa  1991 ; Ohkawa et al. 
 2000 ). This M55 mutant has been evaluated 
in terms of H 2  production ability and it was 
found to evolve signifi cant amounts of H 2  
(Cournac et al.  2002 ,  2004 ). M55 is specifi -
cally impaired in NADPH oxidation and to 
avoid an over-reducing state of the cell it is 
believed that the bidirectional hydrogenase 
releases the electron excess by evolving H 2 . 
Alternatively, Baebprasert et al. ( 2011 ) have 
targeted the nitrate assimilation pathway by 
creating  Synechocystis  sp. PCC 6803 strains 
lacking functional nitrate reductase (Δ narB ) 
or nitrite reductase (Δ nirA ) or both, and 
tested for their ability to produce hydrogen. 
In this work, it is reported that all engineered 
strains present a higher capacity of hydrogen 
production as well as higher hydrogenase 
activity than those of wild-type, and the best 
hydrogen producer was found to be the dou-
ble mutant. The reduction of nitrate to ammo-
nia before its incorporation to amino acids 
requires two sequential reactions carried out 
by nitrate reductase and nitrite reductase, 
demanding a large amount of reducing 
power. Therefore, by eliminating such elec-
tron sink the cell undergoes an unbalanced 
redox state which can be attenuated by the 
reduction of protons via bidirectional 
hydrogenase. Furthermore, Gutthann et al. 
( 2007 ) made use of various oxidases deletion 
mutants (cytochrome  c  oxidase –  ctaI , alter-
native cytochrome  c  oxidase –  ctaII , quinol 
oxidase –  cyd ) that are defi cient in extracting 
electrons from cytochrome  c  or from plasto-
quinone to reduce O 2  to water, to assess 
several aspects of the hydrogen metabolism 
in  Synechocystis  sp. PCC 6803. The study 
shows that the deletion of quinol oxidase in 
combination with one of the two cytochrome 
 c  oxidases causes a prolonged H 2  production 
phase in the light and a higher maximal 
amount, supporting their suggestion that O 2  
is an important electron sink that competes 
with protons for reductant. All these pieces 
of evidence seem to support the idea that the 
bidirectional hydrogenase in the unicellular 
cyanobacterium  Synechocystis  sp. PCC 6803 
functions as a valve for low- potential 
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electrons generated during the light reaction 
of photosynthesis, thus preventing a slowing 
down of electron transport (Appel et al. 
 2000 ; Carrieri et al.  2011 ; Pinto et al.  2012 ). 
Therefore, understanding the physiological 
role of the cyanobacterial bidirectional 
hydrogenase will defi nitely lead to a more 
rational design of metabolic pathways, envi-
sioning engineered strains with improved 
hydrogen production capacity. 

 Alternative approaches have been adopted 
to improve cyanobacterial hydrogen produc-
tion via bidirectional hydrogenase, including 
genetic engineering of fermentative path-
ways. Within this line, McNeely et al. ( 2010 ) 
report their efforts on redirecting reductant 
into hydrogen production using the unicellu-
lar  Synechococcus  sp. PCC 7002. This cya-
nobacterium has a quite distinct dark 
anaerobic metabolism when compared to 
other cyanobacteria, since it is capable of 
yielding up to fi ve fermentation products 
(McNeely et al.  2010 ). Lactate was found to 
be the product excreted in higher amounts, 
and therefore an  ldhA  (coding for D-lactate 
dehydrogenase) knockout mutant was cre-
ated. Among several phenotypic traits, 
Δ ldhA  cells presented an altered fermenta-
tive fl ux in comparison to wild-type cells, 
which refl ected on an up to fi vefold increase 
in hydrogen production (McNeely et al. 
 2010 ). In addition, the same lab has also 
focused on the pyruvate:ferredoxin oxidore-
ductase (NifJ) of  Synechococcus  sp. PCC 
7002, which reduces ferredoxin during 
fermentation of pyruvate to acetyl-coenzyme 
A (McNeely et al.  2011 ). Interestingly, and 
even though Δ nifJ  cells presented a higher 
 in vitro  hydrogenase activity, levels of H 2  
produced were 1.3-fold lower than those 
accumulated by wild-type cells (McNeely 
et al.  2011 ). Regardless of the lower perfor-
mance of Δ nifJ  cells in terms of H 2  pro-
duction, this study contributed signifi cantly 
to a better understanding of the bidirectional 
hydrogenase role in  Synechococcus  sp. PCC 
7002: it serves as a valve to reoxidize excess 
NADH formed during glycolysis, in addition 
to oxidizing reductant generated from ferre-

doxin, produced by the pyruvate:ferredoxin 
oxidoreductase (McNeely et al.  2011 ). 

 Despite all the efforts to fi nd or produce 
an attractive and sustainable cyanobacterial 
H 2  producer, it became increasingly evident 
as new reports were available that different 
research groups with different laboratory 
routines grow these potentially interesting 
organisms in the most varied ways (e.g. light 
quality, intensity and regimen, media com-
position) and present H 2  evolution rates and 
amounts in multiple units and manners. 
Trying to compare activities and to assess 
which strain presents the best performance 
in terms of H 2  evolution represents therefore 
a really diffi cult challenge. Lopes Pinto et al. 
( 2002 ) took on their hands the hard task to 
screen through the literature and present a 
uniform landscape of the cyanobacterial H 2  
producers and respective H 2  evolving capaci-
ties. Alternatively, others opted to study 
various cyanobacterial strains (including 
both wild-types and H 2  evolving mutants), 
grown under the same culturing conditions 
and evaluated their H 2  evolving capacities, 
presenting a more comparable picture 
(Schütz et al.  2004 ).  

   4. Expression of Heterologous 
Hydrogenases in Cyanobacteria 

 The fi rst work reporting the introduction and 
expression of a heterologous hydrogenase 
into a cyanobacterium, the unicellular non-
N 2   - fi xing  Synechococcus elongatus  PCC 
7942, was published in 2000 by Asada et al. 
These authors cloned the gene encoding the 
monomeric Fe hydrogenase I ( cpI ) from 
 Clostridium pasteurianum  downstream a 
strong native promoter and exchanged the 
Shine-Dalgarno sequence. After anaerobic 
adaption, the transformed  Synechococcus 
elongatus  PCC 7942 cells exhibited a signifi -
cantly higher H 2  evolution (threefold increase) 
compared to the wild-type (Table  4.1 ). 

 Berto et al. ( 2011 ) reported to have 
expressed an active monomeric Fe hydroge-
nase, from the unicellular green alga 
 Chlamydomonas reinhardtii , in another 
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unicellular non-N 2 -fi xing cyanobacterium 
 Synechocystis  sp. PCC 6803, in the absence 
of the native maturation system but already 
truncated at the N-terminal (Table  4.1 ). The 
authors suggested that the cyanobacterium 
hydrogenase accessory proteins could 
account for the folding/maturation of the algal 
hydrogenase, and that the low activity levels 
observed were consistent with what was 
expected for a heterologous enzyme working 
outside its specifi c environment (the enzyme 
is cloroplastidial in the alga) or that the cya-
nobacterial maturation machinery could 
impair the activity of the enzyme. To further 
prove their hypothesis they suggest express-
ing the  C. reinhardtii  hydrogenase in  Syne-
chocystis  sp. PCC 6803 lacking the different 
 hyp  genes. In addition,  Syne chocystis  sp. 
PCC 6803 mutant lacking the native hydrog-
enase could be used (see Pinto et al.  2012 ). 

 The genes encoding the oxygen tolerant 
and thermostable NiFe hydrogenase from 
 Alteromonas macleodii  Deep ecotype, as 
well as the HynSL from  Thiocapsa roseoper-
sicina  were expressed in  Synechococcus 
elongatus  PCC 7942 hydrogenase knockout 
mutant (PW416 strain), using an IPTG- 
inducible promoter (Weyman et al.  2011 ) .  
The  hynSL  genes from  A. macleodii , together 
with 11 adjacent genes, were introduced into 
the previously identifi ed neutral site 1, NS1 
(Andersson et al.  2000 ). The  hynSL  genes of 
 T. roseopersicina  were introduced in neutral 
site 2 (NS2, Andersson et al.  2000 ) also via 
homologous recombination, together with 
different sets of accessory genes (Table  4.1 ). 
While the authors could demonstrate the 
presence of an active HynSL from  A. macleo-
dii  in strain PW416, the one from  T. roseop-
ersicina  was not active. However, this could 
be altered by adding the 11 accessory genes 
from  A. macleodii  (Weyman et al.  2011 ). 
Furthermore, the introduction of the bidirec-
tional hydrogenase of  T. roseopersicina  
( hoxEFUYH ), that harbors similarities with 
the native cyanobacterial hydrogenase, was 
attempted. However, its co-expression with 
 T. roseopersicina  or  A. macleodii’s  accessory 
genes was not suffi cient to obtain an active 
enzyme in strain PW416 (Weyman et al.  2011 ). 

 Recently, and for the fi rst time, a heterolo-
gous Fe hydrogenase, from  Shewanella onei-
densis  MR-1, was successfully expressed in 
the heterocysts of a fi lamentous cyanobacte-
rium  Anabaena  sp. PCC 7120 using the 
specifi c promoter P  hetN   (Table  4.1 ). The spa-
tial separation between photosynthesis and 
H 2  production overcomes the sensibility of 
the hydrogenase to oxygen by expressing it 
in a microaerobic compartment (Gärtner 
et al.  2012 ).

      5. Expression of a Cyanobacterial 
Hydrogenase in  Escherichia coli  

 The genes encoding the bidirectional hydrog-
enase ( hoxEFUYH ) from  Synechocystis  sp. 
PCC 6803 were cloned into  E. coli  and, the 
expression of the cyanobacterial hydroge-
nase lead to a threefold increase in H 2  pro-
duction (Maeda et al.  2007 ). An optimization 
of the growth medium, replacing glucose by 
fructose, galactose or maltose resulted in 
20 % increase in H 2  yield. Moreover, a time 
course evaluation of the H 2  production 
revealed that, after 18 h, there was over 41 
times more H 2  production in the mutant 
compared with the wild-type. However, 
Maeda et al. ( 2007 ) also showed that in  E. coli  
cells expressing the bidirectional hydroge-
nase from  Synechocystis  sp. PCC 6803, H 2  
production is sustained by the native hydrog-
enase 3 while the HoxEFUYH inhibits H 2  
uptake by hydrogenases 1 and 2.   

   B. Synthetic Biology Approaches 

 The emerging fi eld of Synthetic Biology 
(SB) offers novel perspectives for the pro-
duction of added-value compounds, namely 
biofuels. In this context, and due to their 
minimal nutritional requirements and meta-
bolic plasticity, cyanobacteria could consti-
tute exceptional photoautotrophic chassis for 
the production of hydrogen (Angermayr 
et al.  2009 ; Ducat et al.  2011a ; Heidorn et al. 
 2011 ; Lindblad et al.  2012 ; Pinto et al.  2012 ). 
For this purpose, a wide toolbox containing 
well characterized standardized biological 
parts and devices should be developed. 
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In this section the recent advances in this 
fi eld will be presented. 

   1. Cyanobacteria as Photoautotrophic 
Chassis 

 In SB applications parts, devices, and cir-
cuits must eventually be introduced into a 
host cell that is designated as chassis. The 
chassis should be based on a well-known 
organism with a sequenced genome, for 
which plenty of information is available 
(transcriptomic, proteomic and metabolo-
mic) allowing the development of models to 
predict its behavior. Its genetic manipulation 
should also be easy and, preferably, the chas-
sis should have a streamline genome making 
device implementation more effective and 
predictable (Etc Group  2007 ; O’Malley et al. 
 2008 ). The accomplishment of SB-based 
strategies for the production of biofuels, 
namely hydrogen, has been successfully 
explored using  Saccharomyces cerevisiae  
and  E. coli  as chassis (Waks and Silver  2009 ; 
Agapakis et al.  2010 ). Still, there is a need to 
develop more/more predictable basic SB 
tools and to explore other chassis, namely 
photoautotrophic ones. In this context, cya-
nobacteria emerge as promising candidates 
due to their ability to use solar energy and 
CO 2  as energy and carbon sources respec-
tively, thrive in different environments and 
metabolic plasticity. In addition, cyanobacte-
ria have higher growth rates compared to 
plants and the molecular tools for their 
genetic manipulation are available, being 
easier to engineer than algae (Ducat et al. 
 2011a ; Heidorn et al.  2011 ; Lindblad et al. 
 2012 ). The unicellular  Synechocystis  sp. 
PCC 6803 is the best studied cyanobacterial 
strain and its genome was the fi rst to be 
sequenced among photosynthetic organisms 
(Kaneko et al.  1996 ). Moreover, the vast 
amount of data available allowed the con-
struction and validation of genome-scale 
metabolic models – e.g.  i Syn811 – that are 
powerful tools to develop a robust photoau-
totrophic chassis, and to predict changes 
when synthetic modules are introduced (Fu 
 2009 ; Montagud et al.  2010 ,  2011 ; Yoshikawa 

et al.  2011 ). Recently, a  Synechocystis  sp. 
PCC 6803 deletion mutant (∆ hoxYH ), lack-
ing an active bidirectional hydrogenase was 
produced and extensively characterized to be 
used as chassis for the introduction of heter-
ologous hydrogenases/hydrogen producing 
devices (Pinto et al.  2012 ). The authors also 
developed vectors compatible with the 
BioBrick system that allow removing redun-
dant genes and/or introducing synthetic parts 
into  Synechocystis  sp. PCC 6803 genome 
(Pinto et al.  2012 ). For the introduction of 
synthetic parts/devices, it is important to 
identify neutral sites i.e. genomic loci that 
can be disrupted without affecting cellular 
viability or causing any distinguishable phe-
notype (Clerico et al.  2007 ). The identifi ca-
tion/validation of these neutral sites increases 
the chassis functionality since it permits the 
sequential integration of different/more 
complex devices into the genome. To date, 
four chromosomal loci have been used to 
introduce foreign DNA into  Synechocystis  
sp. PCC 6803 (Williams  1988 ; Burnap et al. 
 1994 ; Aoki et al.  1995 ,  2011 ) but they have 
not been fully characterized. In another uni-
cellular cyanobacterium  Synechococcus 
elongatus  sp. PCC 7942, three neutral sites 
(NS1, NS2 and NS3) have also been used for 
the integration of foreign DNA (Andersson 
et al.  2000 ; Clerico et al.  2007 ; 
Niederholtmeyer et al.  2010 ; Ducat et al. 
 2011b ) but, similarly to  Synechocystis  sp. PCC 
6803, they remain largely uncharacterized. 

 One of the current challenges in SB is the 
development of streamline genomes since 
lower genome complexity will facilitate 
chassis engineering, insulation of the intro-
duced synthetic devices from the chassis 
regulatory network, and render systems 
behavior more predictable. A 15 % reduction 
of the  E. coli  genome led to unanticipated 
benefi ts such as higher electroporation effi -
ciency and increased genome stability 
(Pósfai et al.  2006 ). In cyanobacteria, a blue-
print for genome reduction of  Synechococcus 
elongatus  PCC 7942 has already been con-
structed (Delaye et al.  2011 ). In this case, the 
essential and non-essential genes were iden-
tifi ed using a combination of methods: 
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unusual G+C content, unusual phylogenetic 
similarity and/or a small number of the 
highly iterated palindrome 1 (HIP1) plus 
unusual codon usage. This work will facili-
tate engineering  Synechococcus elongatus  
PCC 7942, for which fewer tools are 
available but has higher growth rates and a 
smaller genome than  Synechocystis  sp. 
PCC 6803 (2.7 Mb compared to 3.6 Mb). At 
present,  Synechocystis  sp. PCC 6803 and 
 Synechococcus elongatus  PCC 7942 are 
among the best cyanobacterial candidates to 
be used as photoautotrophic chassis in SB 
applications.  

   2. Parts and Devices for H 2  Production 

 Synthetic Biology is also based on the pre-
mise that if one is able to learn how each 
modular component works and understands 
the interaction between parts, then is able to 
manipulate and recombine them (assembling 
them into devices and circuits) to design 
novel pathways with useful purposes. This 
implies the construction and characterization 
of standardized interchangeable biological 
parts with defi ned functions, that often need 
to be customized (e.g. codon optimized) to 
be fully functional in a given chassis. The 
development of standards and databases 
such as the BioBricks and the Registry of 
Biological Parts ( Registry of Standard 
Biological Parts ) facilitated the sharing of 
parts between researchers and led to the con-
struction of numerous synthetic devices with 
applications in different areas such as phar-
maceuticals and biofuels (Ro et al.  2006 ; 
Waks and Silver  2009 ; Agapakis et al.  2010 ). 
Although the quantitative control (predict-
able behaviour) of biological systems using a 
SB approach is possible, it still remains an 
iterative process. In different organisms, 
including cyanobacteria, an effort has been 
made in the characterization of promoters, 
ribosomal binding sites, terminators and reg-
ulatory elements, as well as in the develop-
ment of BioBrick compatible plasmids 
(Shetty et al.  2008 ; Boyle and Silver  2009 ; 
Purnick and Weiss  2009 ; Huang et al.  2010 ). 

Still, there is the need to increase the reper-
toire of available parts, including orthogonal 
ones that should have the major advantage of 
insulating the synthetic devices and circuits 
from the genetic network of the chassis. 

   a. Hydrogen Producing Devices 

 Using a similar strategy as in the classical 
molecular biology approaches (see above), a 
gene encoding the monomeric Fe hydroge-
nase – HydA – from  Clostridium acetobuty-
licum  was expressed in the cyanobacterium 
 Synechococcus elongatus  PCC 7942 (Ducat 
et al.  2011b ). The main difference here is 
that the authors made use of genes commer-
cially synthesized, codon optimized, and 
acceptable for use in  E. coli  and other organ-
isms, with all constructs in the BioBrick for-
mat (Ducat et al.  2011b ). The genes encoding 
the hydrogenase maturation factors HydEF 
and HydG were cloned separately and placed 
under the  Synechococcus elongatus  PCC 
7942  psbA1  constitutive promoter, and then 
combined into a cassette that was subse-
quently integrated in the previously defi ned 
genomic neutral site NS1 (Clerico et al. 
 2007 ). The gene encoding HydA was inserted 
separately, downstream the IPTG-inducible 
promoter P  lac  , and integrated into the neutral 
site NS3 (Niederholtmeyer et al.  2010 ) (see 
Table  4.1 ). Ducat et al. ( 2011b ) demonstrated 
that the  in vivo  hydrogenase activity is con-
nected to the light-dependent reactions of the 
electron transport chain, and that under 
anoxic conditions the heterologous enzyme 
is capable of supporting light-dependent 
hydrogen evolution at a rate 500-fold greater 
than that supported by the endogenous NiFe 
bidirectional hydrogenase. Moreover, to 
facilitate electron transfer to HydA and fur-
ther increase hydrogen production, genes 
encoding heterologous ferredoxins (that con-
stitute the strongest pair together with HydA) 
were inserted into  Synechococcus elongatus  
PCC 7942 under an IPTG- inducible pro-
moter (Ducat et al.  2011b ). The expression 
of the  C. acetobutylicum  ferredoxin increased 
the rate of hydrogen evolution by twofold, 
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and additional experiments demonstrate that 
the addition of supplemental ferredoxins or 
optimization of ferredoxin- hydrogenase 
interactions can both increase the fl ux of 
electrons towards hydrogenase as well as 
rewire the redox pathway. 

 In another SB approach, a single synthetic 
operon containing 12 genes, fi ve encoding 
the structural subunits ( hoxEFUYH ) and 
seven the maturation factors ( hypA   1   B   1   CDEF , 
 hoxW ), was constructed to express the 
 Synechocystis  sp. PCC 6803 bidirectional 
hydrogenase in  E. coli  (Wells et al.  2011 ). 
The 11.7 kb sequence was codon optimized 
for the host and placed under the control of a 
T7 promoter, originating the pSynHox con-
struct. The authors clearly demonstrated the 
production of hydrogen in an  E. coli  strain 
without the native hydrogenases, and it was 
also shown that the hydrogen output could be 
increased when formate production was 
abolished, reinforcing the hypothesis that 
hydrogen production is coupled with the 
NADH/NADPH pools. However, the relative 
low levels of the recombinant enzyme com-
pared to the native  Synechocystis  sp. PCC 
6803 host indicate that there is still room for 
improvement, e.g. coupling the hydrogenase 
with electron donors. Concerning the matu-
ration machinery, the authors concluded that 
to express the bidirectional hydrogenase of 
 Synechocystis  sp. PCC 6803 in  E. coli , only 
 hypA1  and  hoxW  are essential since the host 
can complement the deletion of all the other 
maturation factors.  

   b. Oxygen Consuming Devices 

 The photobiological production of H 2  is 
severely compromised by the presence of O 2  
due to the sensitivity of the H 2 -evolving 
enzymes: hydrogenases and nitrogenases 
(Tamagnini et al.  2007 ; Bothe et al.  2010 ). 
As oxygenic phototrophs, cyanobacteria 
have developed spatial- or time-based strate-
gies to separate the O 2 -evolving from the O 2 - 
sensitive processes. In parallel with the 
search for O 2 -tolerant enzymes, the develop-
ment of synthetic Oxygen Consuming 

Devices (OCDs) capable of reducing intra-
cellular oxygen is highly desirable. The 
DESHARKY bioinformatic tool (Rodrigo 
et al.  2008 ), was used to identify several 
proteins, native and heterologous to 
 Synechocystis  sp. PCC 6803, that were sub-
sequently selected to produce OCDs. These 
OCDs can be introduced into a chassis 
together with effi cient hydrogenases/
hydrogen producing devices to improved H 2  
production or used for other industrial appli-
cations that require low intracellular O 2  
pressures.     

   IV. Conclusions and Future 
Perspectives 

 The use of photosynthetic organisms, such 
as algae and cyanobacteria, is a valuable 
option for H 2 /biofuels production. However, 
several issues should be addressed to achieve 
economical relevant results. Some are con-
sidered in this chapter, but others like solar 
energy conversion effi ciencies (see for e.g. 
Masukawa et al.  2012 ) and the development 
of adequate bioreactors are equally impor-
tant. For cyanobacterial H 2  production both 
native and heterologous enzymes have been 
used. Nitrogenases have a high energy 
demand and hydrogen is only produced as a 
by-product of nitrogen fi xation. Thus, the 
search or engineering of nitrogenases that 
preferably will function as “hydrogenases” is 
a possibility. Regarding approaches using 
hydrogenases, Fe enzymes are generally 
more active and have less complex matura-
tion systems than the NiFe hydrogenases, 
consequently they have been preferably used 
for heterologous expression. A better under-
standing of the regulation and maturation 
processes of the NiFe hydrogenases, notably 
of the small subunits is also necessary. To 
different extents, all H 2  evolving enzymes 
are quite sensitive to oxygen and the search/
engineering of oxygen tolerant enzymes is 
being actively pursued. In the Synthetic 
Biology fi eld, cyanobacteria emerge as 
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prominent candidates to be used as photoau-
totrophic chassis for the accommodation of 
highly effi cient hydrogenases/hydrogen pro-
ducing devices. Protein fusions (e.g. hydrog-
enase and ferredoxin), the use of linkers and 
scaffolds would probably improve H 2  pro-
duction. Nevertheless, efforts should be 
made to circumvent the impairment of H 2  
production by oxygen. Development of syn-
thetic oxygen consuming devices coupled 
with O 2  sensors, or compartmentalization of 
the process (in certain cells/cell types) are 
two of the possibilities. Interestingly, hetero-
cystous cyanobacteria have microaerobic 
compartments – the heterocysts – where 
oxygen sensitive processes like N 2  fi xation 
can occur. Moreover, the generation of 
genome scale models will help to re-direct 
the metabolism towards an effi cient H 2  
production.     
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      Summary  

  The use of microalgae for production of hydrogen gas from water photolysis has been  studied 
for many years, but its commercialization is still limited by multiple challenges. Most of the 
barriers to commercialization are attributed to the existence of biological regulatory mecha-
nisms that, under anaerobic conditions, quench the absorbed light energy, down-regulate 
linear electron transfer, inactivate the H 2 -producing enzyme, and compete for electrons with 
the hydrogenase. Consequently, the conversion effi ciency of absorbed photons into H 2  is 
signifi cantly lower than its estimated potential of 12–13 %. However, extensive research 
continues towards addressing these barriers by either trying to understand and circumvent 
intracellular regulatory mechanisms at the enzyme and metabolic level or by developing 
biological systems that achieve prolonged H 2  production albeit under lower than 12–13 % 
solar conversion effi ciency. This chapter describes the metabolic pathways involved in 
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 biological H 2  photoproduction from water photolysis, the attributes of the two hydrogenases, 
[FeFe] and [NiFe], that catalyze biological H 2  production, and highlights research related to 
addressing the barriers described above. These highlights include: (a) recent advances in 
improving our understanding of the O 2  inactivation mechanism in different classes of 
hydrogenases; (b) progress made in preventing competitive pathways from  diverting electrons 
from H 2  photoproduction; and (c) new developments in bypassing the non-dissipated proton 
gradient from down-regulating photosynthetic electron transfer. As an example of a major 
success story, we mention the generation of truncated-antenna mutants in  Chlamydomonas  
and  Synechocystis  that address the inherent low-light saturation of photosynthesis. In 
addition, we highlight the rationale and progress towards coupling  biological hydrogenases 
to non-biological, photochemical charge-separation as a means to bypass the barriers of 
photobiological systems.        

  I. Introduction 

       A. Photosynthetic Pathways for H 2  Production 

 The production of H 2  by oxygenic photosyn-
thetic organisms (microalgae and cyanobac-
teria) is fueled by low potential reductant 
extracted from either water or stored sugars 
by the photosynthetic apparatus, and it is 
mediated by the hydrogenase enzymes. A 
nitrogenase-mediated H 2 -production path-
way is also found in certain cyanobacteria 
(Tsygankov  2007 ; Ghirardi et al.  2009 ; 

Bandyopadhyay et al.  2010 ; Bothe et al. 
 2011 ) but will not be further addressed in 
this chapter. As discussed in several recent 
reviews (Posewitz et al.  2008 ; Ghirardi et al. 
 2009 ; Hemschemeier and Happe  2011 ) and 
shown in Fig.  5.1 , two major light-depen-
dent, linear electron fl ow (LEF) pathways 
generate photosynthetic reductant: (a)  the 
Photosystem II (PSII)-dependent pathway , 
in which electrons are extracted from water 
and transferred through PSII, the cytochrome 
(cyt)  b   6    f  complex, and Photosystem I (PSI) 
to ferredoxin (FDX); and (b)  the PSII-
independent pathway , by which electrons 
released during glycolytic degradation of 
stored starch enter the photosynthetic electron 
transport chain at the level of plastoquinone 
(PQ), (possibly    involving an NAD(P)H/PQ 
oxidoreductase enzyme) (Rumeau et al.  2005 ; 
Desplats et al.  2009 ) and are further trans-
ferred to cyt  b   6    /f , PSI, and FDX. In green 
algae, reduced FDX, generated by either of 
the two pathways, provides reductant to 
[FeFe]-hydrogenases (Happe and Naber 
 1993 ; Winkler et al.  2009 ), HYDA1 and 
HYDA2, that catalyze production of H 2 . In 
cyanobacteria, an additional electron  transfer 
(ET) step from reduced FDX to NADP +  
 produces NADPH, the direct electron donor 
to [NiFe]-hydrogenases (Boison et al.  1998 ; 
Massanz et al.  1998 ; Antal et al.  2006 ). The 
presence of subunits in the cyanobacterial 
hydrogenases that are homologous to those 
present in the respiratory complex I suggest 
that these hydrogenases could be function-
ally connected to the respiratory pathway 

 Abbreviations:        ATP    – Adenosine triphosphate;      CCCP    – 
Carbonyl cyanide m-chloro phenyl hydrazone;    
  CEF    – Cyclic electron fl ow;      CRR1 –    Copper response 
regulator 1;      DCIP    – Dichlorophenol indophenol;    
  DCMU    – (3-(3,4-dichlorophenyl)-1,1-dimethylurea);    
  DHG    – Dehydroglycine;      EPR    – Electron paramagnetic 
resonance;      ET    – Electron transfer;      ETR    – Electron 
transport rate;      FCCP    – Carbonylcyanide  p -fl uorome-
thoxyphenylhydrazone;      FDX     – Ferredoxin;      FNR    – 
Ferredoxin/NADP oxido-reductase;      FTIR    – Fourier 
transform infrared spectroscopy;      ISC    – Iron-sulfur 
cluster;      LEF    – Linear electron fl ow;      LHC    – Light-
harvesting complex;      MBH    – Membrane-bound 
hydrogenase;      MWNT    – Multi-walled carbon nano-
tubes;      NAD(P)    – Nicotinamide adenine (phosphate) 
dinucleotide;      NPQ    – Non-photochemical quenching;    
  OEC    – Oxygen-evolving complex;      OCP    – Orange 
carotenoid protein;      PFR    – Pyruvate/ferredoxin reduc-
tase;      PQ    – Plastoquinone;      PSI    – Photosystem I;      PSII  
  – Photosystem II;      PTOX    – Plastoquinone oxidase;    
  SAM –     S -adenosyl methionine;      SAXS    – Small angle 
X-ray scattering;      SWNT    – Single walled carbon 
nanotubes;      WT    – Wild-type    
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  Fig. 5.1.    Electron transfer pathways in photosynthetic microbes. Two ET pathways are indicated: (a) the 
PSII-dependent pathway ( in green ), transferring electrons linearly ( LEF ) from water oxidation by PSII to 
either the [FeFe]-hydrogenase (green algae) or the NAD(P)H-dependent [NiFe]-hydrogenase (cyanobacteria); 
and (b) the PSII-independent pathway ( in grey ), in which reductant (NADH) released from starch or glyco-
gen degradation is used to reduce the PQ pool, in a process mediated by NDA2; this is followed by further 
electron-transfer steps through the cyt  b6  f  complex and PSI, and from there to FDX and [FeFe]-hydrogenase 
in green algae. In cyanobacteria, NADH is directly linked to the [NiFe]-hydrogenase. The  arrows  indicate 
ET reactions, proton translocation, and ATP/CO 2  utilization. PQ-dependent and independent CEF pathways 
are shown in  red . Notice that FNR is placed in close contact with PSI, PGRL1, PGR5, and cyt  b   6    f  based on 
biochemical evidence for formation of a supercomplex under growth conditions that favor CEF (see text); 
the mechanism for FNR-dependent ET within this supercomplex is not clear, and it is not known whether 
NADP +  acts as an ET mediator in the process. The protein PTOX is shown in  blue , and it is able to catalyze 
the oxidization of the PQ pool to complete a water cycle, which competes with photochemical reduction of 
the cyt  b   6   f  complex.       

(Schmitz et al.  1995 ; Appel and Schulz 
 1996 ), although no evidence for such a func-
tion exists (see Sect.  II.B  for more details). 
Similarly, a plastoquinone oxidase (PTOX) 
present in the thylakoids of green algae has 
been proposed to reduce O 2  molecules 
directly (Cournac et al.  2002 ; McDonald et al. 
 2011 ). Finally, green algae and cyanobacteria 
are also capable of fermentatively generating 
H 2  from extra or intracellular substrates 
(Brand et al.  1989 ; Mus et al.  2007 ; 
Hemschemeier and Happe  2011 ) albeit at 
much lower rates when compared to the light-
dependent reactions (Meuser et al.  2012 ). It is 
important to note that the photosystems gen-
erate a single electron per absorbed photon 
but are catalytically coupled to enzymes that 
catalyze multiple electron reactions such as 
FNR, hydrogenase, and the O 2 -evolving 
Mn-cluster system. Whether this difference 
impacts the effi ciencies of ET and enzyme 

catalysis, for example through losses of 
 electrons among the various competing 
 reactions, is not known.

   The evidence for direct ET from FDX to 
the HYDA1 hydrogenase in  Chlamydomonas  
was fi rst demonstrated in the early 80s 
(Roessler and Lien  1984 ). The steady-state 
kinetics of the ET reaction between FDX and 
algal hydrogenase have been partially charac-
terized (Roessler and Lien  1984 ; Winkler 
et al.  2009 ), and the  reaction was modeled as 
a direct transfer from the FDX iron-sulfur 
cluster to the [FeFe]-hydrogenase H-cluster 
(Florin et al.  2001 ; Chang et al.  2007 ; Long 
et al.  2008 ,  2009 ). More recently, Winkler 
et al. ( 2009 ) were able to reconstitute  in vitro  
ET through PSI, FDX, and HYDA1, using 
ascorbate/DCIP as the electron donor to 
plastocyanin.

Although most of the photosynthetic 
reductant is transferred from FDX to HYDA1 
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in  Chlamydomonas , Meuser et al. ( 2012 ) 
reported that both HYDA1 and HYDA2 are 
capable of accepting electrons from the 
photosynthetic ET chain (and thus from 
FDX), by investigating the H 2 -production 
properties of three  Chlamydomonas  mutants 
lacking either HYDA1, HYDA2, or both 
enzymes. They observed that the  ΔHYDA2  
mutant had about 70 % of H 2  photoproduc-
tion of the WT, while the  ΔHYD1  strain was 
able to maintain only 30 % of the rates of H 2  
photoproduction compared to the wild-type 
(WT). Interestingly, both partial mutants had 
similar rates of fermentative H 2  production 
as the wild-type, suggesting that the latter is 
limited by factors other than hydrogenase 
activity. The double knockout mutant, 
 ΔHYDA1ΔHYDA2 , completely lacked all 
hydrogenase activity. The predominance of 
HYDA1 activity in  Chlamy domonas  was 
confi rmed by RNAi experiments, where 
inhibition of the  HYDA1  gene led to almost 
total loss of hydrogenase activity in cell 
extracts (measured by methyl viologen (MV) 
reduction), while inhibition of  HYDA2  
hardly affected the total hydrogenase acti vity 
(Godman et al.  2010 ). 

 In cyanobacteria, the bidirectional [NiFe]-
hydrogenase has been demonstrated to be 
linked to NAD(P)H through its diaphorase 
components (see Sect.  II.B ); H 2  photoproduc-
tion occurs for a few seconds upon  illumination, 
followed by H 2  uptake as O 2  accumulates. 

 It is important to point out that, besides 
generating low potential reductant, the 
 photosynthetic electron transport chain is 
responsible for establishing a proton  gradient 
across the thylakoid membrane which drives 
the synthesis of ATP by the ATP synthase. 
This is achieved additionally by means of 
cyclic electron fl ow (CEF) around PSI 
involving FDX and either the PQ pool or the 
cyt  b   6    f  complex (Finazzi et al.  1999 ; Cournac 
et al.  2002 ; Alric  2010 ) as depicted in 
Fig.  5.1 . CEF is relevant in green algae 
grown under high illumination and nutrient 
limiting conditions (Allen  2003 ; Eberhard 
et al.  2008 ) where it helps maintain optimal 
ATP/NADPH ratios for CO 2  fi xation (Forti 
et al.  2003 ; Shikanai  2007 ; Cardol et al. 

 2009 ), but it is perhaps less signifi cant in 
cyanobacteria (Bernat et al.  2009 ). The 
occurrence of CEF involves additional com-
ponents such as the proteins PGRL1 and 
PGR5 (Tolleter et al.  2011 ), each having 
been fi rst identifi ed as having a role in CEF 
in  Arabidopsis thaliana  (DalCorso et al. 
 2008 ), and ssl0352 (Battchikova et al.  2011 ) 
in  Synechocystis  6803. The activation of the 
CEF pathway is mediated by imbalances in 
the redox state of the PQ pool. An increase in 
the ratio of reduced/oxidized PQ, such    as is 
observed either under PSII excitation (Allen 
 1992 ; Finazzi et al.  1999 ) or under anaerobic 
conditions due to electrons released from 
glycolytic starch degradation and lack of O 2  
consumption by the plastoquinone oxidase 
(Alric  2010 ) triggers the activity of the STT7 
kinase. This enzyme phosphorylates specifi c 
subunits of the light-harvesting complex II 
(LHCII), inducing its dissociation from PSII 
in the grana, translocation to the stroma 
lamellae, and re-association with PSI 
(Lemeille et al.  2010 ). This process is known 
as  state transitions . Recently, this response 
has been shown to be accompanied by the 
formation of supercomplexes between PSI, 
FNR, PGRL1, PETO (a subunit of the cyt 
 b   6    /f  complex), LHCI, and LHCII in 
 Chlamydomonas  (Iwai et al.  2010 ). FNR was 
shown to be tightly associated with PSI in 
the CEF supercomplex (see also Fig.  5.1 ), 
suggesting a new kinetic model for oxidation 
of NADPH and direct reduction of cyt  b   6    f  
and PSI. The presence of this supercomplex 
has been correlated to an increase in CEF in 
 Chlamydomonas  (Tolleter et al.  2011 ). 

 A second intracellular mechanism that 
regulates the rates of ET is non-photochem-
ical quenching (NPQ) (Li et al.  2009 ). 
Under high light intensity, when photophos-
phorylation cannot keep up with the rate of 
ET, protons over-accumulate in the lumen 
causing its acidifi cation (Papageorgiou et al. 
 2007 ) increasing the probability of forma-
tion of triplet chlorophyll, and subsequent 
generation of reactive oxygen species 
(ROS). As a response to the acidif  ication 
of the lumen, the zeaxanthin/violoxanthin 
 system is activated (however, see (Lambrev 
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et al.  2012 ) for a  different proposed  mechanism 
for  photoprotection). The zeaxanthin/
violoxanthin system is responsible for 
 de-epoxidation of the carotenoid violoxan-
thin bound to the Lhcbm1 subunit of PSII in 
green algae (Elrad et al.  2002 ) to form 
 zeaxanthin, which is capable of quenching 
the absorbed excitation at the PSII light har-
vesting antenna, thus decreasing the amount 
of excitation energy that drives charge sepa-
ration. In cyanobacteria, excess light energy 
is detected by the orange carotenoid protein 
(OCP) (Kirilovsky and Kerfeld  2012 ) that 
triggers NPQ through an unknown mecha-
nism (Jahns and Holzwarth  2012 ). Both 
state transitions and NPQ limit the supply of 
reductant to the hydrogenase, and it has been 
suggested that inactivation of CEF and NPQ 
would result in organisms with higher rates 
of H 2  photoproduction. 

 A physiological method to sustain H 2  
 photoproduction by the green alga  Chlamy-
domonas reinhardtii  was developed by 
Melis et al. ( 2000 ). The method relies on the 
partial inactivation of photosynthetic O 2  evo-
lution induced by the removal of sulfate 
from the growth medium. Under sulfur-
deprived conditions, sealed cultures sequen-
tially over-accumulate starch and inactivate 
PSII, become anaerobic, induce  hydrogenase 
gene expression, and degrade Rubisco 
(Zhang et al.  2002 ). These changes result in 
the continuous production of H 2  gas for a 
period of about 3 days. Sulfur deprivation 
causes major metabolic changes in 
 Chlamydomonas  (Melis and Happe  2001 ; 
Winkler et al.  2002 ; Kosourov et al.  2003 ; 
Ghysels and Franck  2010 ) including the acti-
vation of NPQ and cyclic phosphorylation 
(Kruse et al.  2005 ; Johnson and Alric  2012 ); 
consequently, the overall rates of H 2  produc-
tion by the cultures can never achieve levels 
close to the 13 % light conversion effi ciency 
and are limited by the relative lower amount 
of active PSII centers. Indeed, the highest 
reported  incident light conversion effi -
ciency , 0.87 %, was achieved with sulfur-
deprived, WT  Chlamydomonas  cultures 
immobilized in alginate (Kosourov and 
Seibert  2008 ). 

 The contribution of the two light-dependent 
pathways to H 2  production by sulfur-deprived 
algae has been extensively studied in the last 
few years. It has become apparent that the 
contribution from each pathway varies 
depending on the cultivation mode and 
 prevailing growth conditions (Fouchard et al. 
 2005 ; Ghirardi et al.  2009 ; Ghysels and 
Franck  2010 ). For instance, the PSII-inhibitor 
DCMU completely eliminates H 2  photopro-
duction when added to photoautotrophic or 
photoheterotrophic cultures that have been 
anaerobically induced and illuminated for a 
few minutes (Gfeller and Gibbs  1984 ; Brand 
et al.  1989 ). However, by measuring the 
effect of DCMU addition throughout the sul-
fur deprivation process, it was observed that 
its effect was higher in the early stages of H 2  
production (about    80 % inhibition) (Kosourov 
et al.  2003 ; Fouchard et al.  2005 ), while the 
inhibition level was lower when DCMU was 
added in the later stages (Laurinavichene 
et al.  2004 ). Moreover, Fouchard et al. ( 2005 ) 
reported complete inhibition of H 2   production 
if DCMU was added before starch accumu-
lation and H 2  photoproduction occurred. The 
role of starch in H 2 -production by sulfur-
deprived cells has been extensively  examined, 
and its involvement can be summarized as: 
(a) transcriptional activation of hydrogenase 
genes (Posewitz et al.  2004b ) (b) removal of 
photosynthetically-evolved O 2  by serving as 
a substrate for respiration; and (c) source of 
reductant to the hydrogenase through the 
PSII-independent pathway. 

 Sulfur deprivation is not the only method 
to induce anaerobiosis/H 2  production in 
 Chlamydomonas . Alternative methods that 
partially and temporarily inactivate PSII 
such as photoinhibition (Markov et al. 
 2006 ), nitrogen deprivation (Philipps et al. 
 2012 ), D1 temperature-sensitive mutations 
(Mazor et al.  2012 ), and the use of an induc-
ible psbD-based chloroplast gene expres-
sion  system (Surzycki et al.  2007 ) are 
capable of yielding sustained H 2  photopro-
duction alone or in combination with sulfur 
deprivation (Torzillo et al.  2009 ). However, 
so far, sulfur deprivation still yields the best 
rates of H 2  photoproduction, particularly as 
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other metabolic and reactor engineering 
barriers (see Sect.  IV ) are being addressed.  

   B. Photobiohybrid Systems 

 Photobiohybrids are defi ned here as devices 
that result from the integration of biocata-

lysts (hydrogenases) with light-harvesting 
nanomaterials (particle-based) or photoelec-
trochemical components (electrode-based) – 
see Fig.  5.2 . Research in this area has 
benefi tted from advances in material synthe-
sis for improved, tunable control of  band-gap 
energy (e.g., light absorption), band-edge 

  Fig. 5.2.    Bio-inspired, photobiohybrid complexes and devices directly couple the catalytic power of enzymes and 
catalysts with light-harvesting by natural photosystems or artifi cial nanoparticles and photoelectrochemical cells 
for solar H 2  production. Photobiohybrids address some of the limitations found in model  organisms being studied 
for solar conversion (e.g. light harvesting, diffusion-controlled ET), and how designs that are directed towards 
single catalytic process can improve turnover and quantum yields. Examples of photobiohybrids discussed in the 
text are shown clockwise from the  left : a PSI-CytC fusion chemically linked to a [FeFe]-hydrogenase by octanedi-
thiol (labeled) (Lubner et al.  2011 ); cobaloxime adsorbed onto PSI (Utschig et al.  2011 ); [NiFeSe]-hydrogenase 
adsorbed to particulate, dye-sensitized TiO 2  (Reisner et al.  2009b ); [NiFe]-hydrogenase genetically fused to the 
 psaE  subunit to create a PSI-[NiFe]-hydrogenase complex (Ihara et al.  2006a ,  b ; Krassen et al.  2009 ); [FeFe]-
hydrogenase integrated into a dye-sensitized photoelectrochemical cell (Reprinted with permission, Hambourger 
et al.  2008 ); and [FeFe]-hydrogenase adsorbed to mercapto-propionic acid capped CdS nanorods (Brown et al. 
 2012 ).  AA  ascorbic acid,  CytC  cytochrome C,  CdS  cadmium sulfi de nanorod,  DHA  dehydroascorbate,  ET  elec-
tron-transfer,  MPA  mercaptopropionic acid,  PC  plastocyanin,  RuP  ruthenium bipyridine phosphonic acid,  TEOA  
triethanolamine.       
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redox levels (Chen et al.  2010 ; Peng  2010 ) 
and surface functionalization (Gaponik et al. 
 2002 ), as well as from a better understanding 
of the properties that control self-assembled 
layers on both nanoparticles and electrodes 
(Badia et al.  2000 ; Zhang et al.  2011 ). As a 
result, the knowledge gained from integrat-
ing enzymes with photochemical nanomate-
rials and electrodes in device architectures 
has helped to provide guidance and inspira-
tion for practical designs of fully artifi cial 
molecular systems (Gust et al.  2000 ,  2009 ; 
Lubitz et al.  2008 ; Allakhverdiev et al.  2009 ; 
Navarro et al.  2010 ; Park and Holt  2010 ; 
Reisner  2011 ; Wang et al.  2011 ). The scope 
of this short review on photobiohybrids will 
address the reductive side of the biophoto-
lytic process and will not address the recent 
progress made on the immobilization of PSII 
water oxidation catalysts on electrodes 
(Badura et al.  2008 ; Terasaki et al.  2008 ; 
Kato et al.  2012 ). Although the measured 
turnover and rates are below those obtained 
 in vivo , these efforts are very promising 
steps towards developing tunable, electro-
chemical systems for investigating the mech-
anisms of the PSII-OEC water oxidation 
reaction.

   Hydrogenases and other energy-converting 
enzymes that function in direct photoconver-
sion with the primary reactions of photosyn-
thesis are ideal catalysts, operating at or near 
the thermodynamic potential of the specifi c 
half-reaction with high turnover (Cracknell 
et al.  2008 ; Armstrong et al.  2009 ; Armstrong 
and Hirst  2011 ). For example, algal and bacte-
rial [FeFe]-hydrogenases catalyze H 2  evolu-
tion at  k  cat  values of up to 10 4  s −1  (Madden 
et al.  2012 ), with prolonged stabilities when 
immobilized on electrode surfaces (Alonso-
Lomillo et al.  2007 ; Bae et al.  2008 ; 
Hambourger et al.  2008 ). Moreover, [NiFeSe]-
hydrogenases can evolve H 2  at high turnover 
( k  cat   ~ 10 3  s −1 ) and retain activity in the pres-
ence of O 2  (Vincent et al.  2006 ; Reisner et al. 
 2009a ; Baltazar et al.  2011 ). Because 
hydrogenase turnover is fast, it is possible to 
match them with the high light-harvesting 
capacity ( k  Abs >>solar fl ux) and broad spectral 
range of artifi cial photochemical materials 

(e.g., semiconductor nanomaterials). In 
principle, charge-transfer effi ciencies and H 2  
production rates can approach or even surpass 
those of photosynthetic organisms (Bolton 
et al.  1985 ; Blankenship et al.  2011 ) but at the 
cost of a self-repair process. Therefore, a sig-
nifi cant challenge to artifi cial technologies is 
to develop designs that attain a careful bal-
ance of light absorption, conversion, and 
catalysis to avoid damaging and costly side- 
reactions. One example to address this in a 
particle-based approach strategy is to use het-
erostructured materials as artifi cial photosys-
tems (i.e., PSI/PSII) that spatially confi ne 
electrons from holes, limiting rates of internal 
recombination (Dukovic et al.  2008 ; Amirav 
and Alivisatos  2010 ). The 2D-spatial confi ne-
ment structurally mimics charge-separation 
across membranes in photosynthetic reaction 
centers and provides a design strategy towards 
improving photoconversion. 

 Photoconversion in biological systems 
requires the concerted, sequential ET between 
reaction centers, electron-carriers, and 
enzymes that is mediated through protein-
protein complexes, as described in Sect.  I.A . 
The matching of molecular shape, hydropho-
bicity, and surface electrostatics helps to 
drive formation of the biological ET com-
plexes (Chang et al.  2007 ; Long et al.  2008 , 
 2009 ; Winkler et al.  2009 ). These design 
principles can be used to guide engineering 
of the molecular interface that mediates the 
integration of molecules into functional pho-
tobiohybrids. In both particle and electrode 
systems, the surface chemistry determines 
the stability and conductivity of the inter-
face, which in turn greatly affects external 
ET process (Armstrong et al.  1997 ; Zhang 
et al.  2002 ) and ultimately the effi ciencies of 
photocatalysis. Several reports have demon-
strated the successful integration of hydrog-
enases with photochemical light-harvesting 
molecules (Greene et al.  2012 ; Zadvornyy 
et al.  2012 ) and on conducting electrodes 
(Alonso-Lomillo et al.  2007 ; Hambourger 
et al.  2008 ; Brown et al.  2010 ,  2012 ; 
Woolerton et al.  2012 ), in some cases based 
on electrostatically guided assembly. One of 
the fi rst examples of light-driven H 2  production 
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by a photobiohybrid complex was in the 
1980s with [FeFe]-hydrogenase and nanopar-
ticulate TiO 2  (Cuendet et al.  1986 ). Later 
efforts integrated [NiFe]-hydrogenases with 
anatase TiO 2  (Pedroni et al.  1996 ; Selvaggi 
et al.  1999 ) and CdS (Shumilin et al.  1992 ). 
More recently, nanoparticulate TiO 2  has been 
used as a conducting material to couple 
light-capture and charge-separation by 
dye molecules to catalytic H 2  production by 
[NiFeSe]-hydrogenases (Reisner et al. 
 2009a ,  b ). Assembly relied on interactions 
between the enzyme and surface groups (i.e. 
hydroxyls or sulfur vacancies). As a result, 
molecular orientations are not specifi cally 
optimized for ET. There have been signifi -
cant efforts in chemical passivation of nano-
crystal surfaces through the use of ligands 
that provide solvent exposed functional 
groups for assembly (Ai et al.  2007 ). 
Controlled adsorption of [FeFe]-hydrogenase 
on nanocrystalline materials has been 
achieved with mercapto-propionic acid-
(MPA)-capped CdTe nanocrystals and bacte-
rial [FeFe]-hydrogenases (Brown et al.  2010 ). 
The MPA ligand chemi-adsorbs via the 
S-group to CdTe surfaces, with the solvent-
exposed carboxyl group of the ligand, 
 promoting electrostatically controlled self-
assembly with positively charged surfaces on 
the hydrogenase. Many hydrogenases, 
including the [FeFe]-hydrogenase, possess 
positively charged regions that mediate for-
mation of an ET complex with electron 
donor molecules such as FDX (Moulis and 
Davasse  1995 ; Peters  1999 ; Chang et al. 
 2007 ; Long et al.  2009 ). Due to the high sur-
face charge density, molecular complexes 
that are formed between the nanoparticle 
and hydrogenase possess strong binding 
kinetics suggesting formation of a meta-
stable complex. 

 Once adsorbed, the light-conversion effi -
ciencies in particle-based photobiohybrids 
can show a strong dependence on the molec-
ular compositions (Brown et al.  2010 ,  2012 ). 
As the hydrogenase and nanoparticles self-
assemble in solution, the resulting molecular 
distributions are comprised of an ensemble 
of complexes differing in stoichiometric 

ratio, which can be modeled based on a 
Poisson distribution. External ET in photo-
biohybrids, like in photosystems, occurs 
through the sequential process of single pho-
toexcitation events where the macroscopic 
ET rate is directly proportional to incident 
fl ux. When coupled to multi-electron cataly-
sis, subsequent allocation of electrons among 
multiple bound catalysts lowers the conver-
sion effi ciencies, presumably due to singly 
reduced states of the hydrogenase competing 
with back ET to the nanoparticle. Thus, each 
catalyst-nanoparticle ratio distribution 
contributes to a broad range of conversion 
effi ciencies (Brown et al.  2010 ,  2012 ), and 
controlling the molecular stoichiometries in 
particle systems might support higher photo-
conversion effi ciencies. 

 As catalysts in photoelectrochemical 
devices for solar H 2  production, hydroge-
nases have been immobilized on conducting 
electrodes in dye-sensitized photoelectro-
chemical cells and biofuel cells (Hambourger 
et al.  2008 ; Krishnan and Armstrong  2012 ). 
Charge balance was maintained by regener-
ating the ground state of the photoanode 
with an electrolyte or a reforming reaction 
(Hambourger et al.  2007 ,  2009 ). The con-
ductive electrode can be composed of metal-
based (e.g. TiO 2 , or gold) or carbon-based 
materials (e.g. glassy carbon, pyrolytic 
graphite edge, carbon felt or carbon cloth) 
(Lojou et al.  2008 ; Joo et al.  2009 ; Gutierrez-
Sanchez et al.  2011 ; Krassen et al.  2011 ; 
Morra et al.  2011 ). Nanostructured elec-
trodes have also been used, for example sin-
gle- or multi-walled carbon nanotubes 
(SWNT and MWNT, respectively) or TiO 2  
nanorods (Bae et al.  2006 ; Alonso-Lomillo 
et al.  2007 ) on conductive supports. [NiFe]-
hydrogenase adsorbed onto MWNT elec-
trodes under an applied electric fi eld have 
been covalently attached by peptide cross-
linking chemistry (Guldi et al.  2005 ) result-
ing in high H 2   oxidation current densities 
with long-term stability (Alonso-Lomillo 
et al.  2007 ; Gutierrez-Sanchez et al.  2011 ). 
[FeFe]-hydrogenases and SWNTs have been 
shown to self-assemble into charge-transfer 
complexes observed by alterations in SWNT 
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photoluminescence and Raman spectra 
(Blackburn et al.  2008 ; McDonald et al. 
 2008 ). These demonstrate that effi cient 
 electron exchange is possible with the small 
intrinsic bias between the SWNTs and 
hydrogenase. Thus, these can be used as 
highly effi cient conductors for coupling 
redox catalysts to electrodes in solar devices. 

 An alternative strategy for developing pho-
tobiohybrids is to directly link hydrogenases, 
or synthetic H 2  catalysts to the light harvest-
ing power of PSI since PSI has a quantum 
yield of 100 % for photon  absorption to pri-
mary charge-separation, a long-live photoex-
cited state (~50 ms), and the photochemical 
potential (−580 mV vs. NHE) required for 
proton reduction (Lubner et al.  2011 ). The 
resulting photocatalytic complexes in turn 
directly couple the donor side of PSI to a cata-
lyst, which in concept would prevent competi-
tion with other PSI acceptors. Strategies for 
directly linking PSI with hydrogenases 
include the use of alkane dithiols to chemi-
cally wire the PSI F B  [4Fe-4S] cluster to the 
distal [4Fe-4S] cluster of the  C. acetobutyli-
cum  [FeFe]-hydrogenase. The molecular wire 
facilitates direct  intermolecular ET from PSI 
to the hydrogenase for catalytic H 2  production 
under  illumination (Lubner et al.  2010 ). An 
alternative strategy was to create a genetic 
fusion of the MBH [NiFe]-hydrogenase of 
 Ralstonia eutropha  to the PsaE subunit of 
PSI, which was used  in vitro  to reconstitute a 
functional hydrogenase-PSI complex. The 
fusion to PsaE allowed for direct ET to the 
hydrogenase and resulted in light-driven H 2  
production both in solution (Ihara et al.  2006b ) 
and when immobilized on a Au-electrode 
(Krassen et al.  2009 ). PSI has also been shown 
to function in photochemical catalysis in 
complexes with artifi cial H 2  production 
catalysts. When PSI was mixed with coba-
loxime, the molecules self-assembled and 
catalyzed H2 photoproduction (Utschig et al. 
 2011 ). Each of these examples confi rms the 
versatility of PSI in driving photocatalysis 
and provides models for elucidating the 
engineering principles that control solar 
 conversion towards improving photocatalytic 
effi ciencies.   

   II. Hydrogenases 

   A. [FeFe]-Hydrogenases 

   1. Structure, Function and O 2  Sensitivity 

 [FeFe]-hydrogenases catalyze the activation 
of H 2  through the reversible reaction, H 2  ⇆ 
2H +  + 2e − , and function to either couple H 2  
oxidation to energy-yielding processes or 
evolve H 2  by reducing protons as a mecha-
nism to recycle reduced electron carriers like 
ferredoxin and fl avodoxin that accumulate 
during fermentation (Vignais and Billoud 
 2007 ). Generally, hydrogenases located in 
the cytoplasm are associated with H 2  evolu-
tion, while those located in the periplasm or 
membrane are associated with H 2  uptake 
(Vignais et al.  2001 ). 

 [FeFe]-hydrogenases, found in higher 
eukaryotes, bacteria, but not archaea, share a 
common architecture consisting of various 
complements of FeS cluster domains linked 
to the H-cluster catalytic domain (H-domain) 
and can be either monomeric or part of a mul-
timeric complex including additional FAD 
and NAD(P)H binding domains (Vignais and 
Billoud  2007 ). The highly  conserved 
H-domain can be identifi ed in  primary 
sequences by three distinct binding motifs 
termed L1 (TSCCPxW), L2 (MPCxxKxxE), 
and L3 (ExMACxxGCxxGGGxP) (Vignais 
et al.  2001 ). Additional FeS cluster domains 
(F-clusters) function to mediate ET to and/or 
from the H-cluster active site (Pierik et al. 
 1992 ). The simplest form of [FeFe] hydroge-
nase, found in green algae, do not contain 
F-clusters and consist of only the H-cluster 
binding domain (Florin et al.  2001 ; Happe 
and Kaminski  2002 ; Forestier et al.  2003 ). 

 X-ray crystal structures of [FeFe]-
hydrogenases have been determined from 
the anaerobic soil bacterium  Clostridium 
pasteurianum , CpI (Peters et al.  1998 ), and 
the sulfate-reducing bacterium  Desulfovibrio 
desulfuricans , DdH (Nicolet et al.  1999 ), 
revealing the active site H-cluster. The 
H-cluster consists of a [4Fe-4S] subcluster 
linked to a 2Fe subcluster that is coordinated 
by diatomic (CO and CN − ) and dithiolate 
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ligands, and it is biologically tuned to cata-
lyze reversible H 2  oxidation. Initial structural 
analysis of CO and CN −  ligands was made by 
FTIR spectroscopy (van der Spek et al.  1996 ; 
Happe et al.  1997 ). The identity of the dithio-
late ligand remains undetermined by X-ray 
crystallography since viable ligands (dithio-
proprane, dithiomethylether, and dithiomethyl-
amine) contain isotropic atoms (C, O, N) at 
the bridge-head position (Pandey et al. 
 2008 ). Recent EPR studies designate the 
dithiolate ligand to be dithiomethylamine 
(Silakov et al.  2009 ,  2012 ; Erdem et al. 
 2011 ). 

 The majority of biophysical data on the 
H-cluster is from CpI and DdH due to the 
availability of crystal structures, but more 
recently, hydrogenases from a larger variety of 
organisms are being explored, including 
[FeFe]-hydrogenases from  Clostridium 
acetobutylicum ,  C. reinhardtii  (HYDA1), and 
 Thermotoga maritima . Although an X-ray 
crystal structure for an active algal [FeFe]-
hydrogenase does not yet exist, only recently 
one of an immature form from  C. reinhardtii  
has become available (Mulder et al.  2010 ). 

 The H-cluster undergoes structural and 
redox changes during H 2  catalysis, and from 
rigorous work, a general model for H-cluster 
catalytic-relevant states and H 2  activation 
has emerged (Lubitz et al.  2007 ; Vincent 
et al.  2007 ). Hydrogen is hypothesized to 
bind at the distal Fe atom of the 2Fe subclus-
ter, which contains a ligand-exchangeable 
binding site (Nicolet et al.  2000 ). During 
oxidation and reduction, a CO ligand shifts 
between bridging and semi-terminal modes, 
while the distal Fe atom of the 2Fe subclus-
ter switches between Fe(I) and F(II) oxida-
tion states. At the heart of the mechanism is 
the formation of metal-hydride species, 
including Fe-H 2 , Fe-H − , and Fe-H + , which 
establishes links to other activation mecha-
nisms of small molecules by complex 
metallo-clusters. 

 Although the H-cluster primarily resides 
in a hydrophobic pocket, several conserved 
amino acid residues form hydrogen bonds to 
the CO/CN −  ligands and S atoms of the dithi-
olate ligand. Substitution of these residues in 

HYDA1 and CpI resulted in either the 
absence of an H-cluster or an H-cluster 
trapped in inactive states, suggesting a role 
for tuning H-cluster reactivity and coordina-
tion (Knorzer et al.  2012 ). One residue, 
Cys299 in CpI (TS C CPxW in L1 motif), 
resides within hydrogen bonding distance of 
the bridge-head atom of the dithiolate ligand. 
It has been suggested that this residue could 
donate protons for H 2  formation during 
catalysis (Peters et al.  1998 ). One attractive 
mechanism is for the bridgehead N atom of 
the dithiolate ligand to function as a catalytic 
base and shuttle protons between C299 and 
the exchangeable binding site at the 2Fe sub-
cluster (Nicolet et al.  2001 ). Mutagenesis 
studies altering this ligand, as well as several 
other ligands in the proton pathway, demon-
strated it to be critical toward hydrogenase 
activity, supporting its role in proton dona-
tion (Cornish et al.  2011 ). 

 As of now, there is no natural or engi-
neered organism that is capable of sustaining 
high rates of H 2  production under completely 
aerobic (photosynthetic) conditions. Among 
several basic issues that confront the devel-
opment of a completely photolytic process is 
the inherent sensitivity of the H 2  forming 
enzymes to O 2  (see Sect.  IV.A ). Interestingly, 
the algal [FeFe]-hydrogenases are known to 
have one of the highest sensitivities to inacti-
vation by O 2  (Erbes et al.  1979 ; Ghirardi 
et al.  1997 ,  2007 ; Flynn et al.  2002 ; Cohen 
et al.  2005a ; Goldet et al.  2009 ; Stripp et al. 
 2009 ). A model for the O 2 -mediated inacti-
vation of algal [FeFe]-hydrogenase has been 
recently proposed from freeze-quench, X-ray 
adsorption spectroscopy on O 2  treated sam-
ples (Haumann et al.  2005 ; Stripp et al.  2009 ; 
Lambertz et al.  2011 ). First, O 2  accesses the 
catalytic site through a hydrophobic channel 
(Montet et al.  1997 ; Cohen et al.  2005a ,  b ) 
and binds to the distal Fe atom (Fe D ) of the 
H-cluster 2Fe subcluster, followed by either 
dissociation or conversion into reactive oxy-
gen species (ROS) including O 2  − , OOH − , and 
H 2 O 2 . ROS in turn can react with the 2Fe 
subcluster leading to oxidative loss of 
diatomic (CO) ligands, Fe oxidation, or oxi-
dation of S-groups (Stiebritz and Reiher 
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 2009 ,  2012 ). One consequence is the sequen-
tial degradation of the [4Fe-4S] subclusters 
into [3Fe-4S] clusters and eventually to more 
oxidized products. Carbon monoxide (CO) 
at low partial pressures is a well-known 
reversible inhibitor of [FeFe]-hydrogenase 
(Thauer et al.  1974 ; Adams  1990 ; Bennett 
et al.  2000 ; Lemon and Peters  2000 ; Chen 
et al.  2002 ; Baffert et al.  2011 ) by also bind-
ing to Fe D . In the CO-inhibited state, [FeFe]-
hydrogenase is protected from O 2  (Erbes 
et al.  1978 ; Goldet et al.  2009 ) due to compe-
tition for binding to Fe D , which presumably 
favors CO due to faster binding kinetics and 
a binding mode that is resistant to enzyme 
oxidation. Early electron paramagnetic reso-
nance (EPR) and biochemical studies of CpI 
showed oxidation by O 2  led to a loss of the 
H-cluster specifi c paramagnetic state 
(Adams et al.  1980 ), consistent with the 
model for O 2  binding at Fe D  of the 2Fe 
subcluster.  

     2. Maturation 

 Like other complex metallo-clusters (e.g. 
Fe-MoCo of Mo-nitrogenase), the H-cluster 
and unique CO, CN − , and dithiolate ligands 
require complex biochemical processes for 
their synthesis and incorporation (Nicolet 
and Fontecilla-Camps  2012 ; Peters and 
Broderick  2012 ). During [FeFe]-hydrogenase 
maturation, a series of assembly, carrier, and 
specialized enzymes act collectively to mod-
ify simple FeS clusters to the complex 
H-cluster. Initially, identifi cation of matura-
tion proteins was achieved using screens of 
mutant  Chlamydomonas  strains incapable of 
H 2  production (Posewitz et al.  2004a ). The 
mutations were mapped to two genes, 
 HYDEF  and  HYDG , and co-expression of 
these genes along with the structural gene, 
 HYDA1 , assembled an active [FeFe]-
hydrogenase (King et al.  2006 ). While  HYDE  
and  HYDF  are fused in several green algae, 
in the majority of microorganisms  hydE  and 
 hydF  exist as separately transcribed genes 
(Bock et al.  2006 ). HydE and HydG are 
members of the radical S-adenosylmethionine 
(SAM) superfamily of enzymes, containing 

classical CX 3 CX 2 C sequence motifs. HydF, a 
NTPase, contains Walker A P-loop and 
Walker B Mg +2  binding motifs and a 
C-terminal domain with conserved Cys and 
His residues (King et al.  2006 ). 

  In vitro  experiments demonstrated that 
clostridial HydA, heterologously expressed 
in a genetic background devoid of clostridial 
HydE, HydF and HydG (HydA ΔEFG ), can be 
activated by addition of a cell extract con-
taining HydE, HydF, and HydG (McGlynn 
et al.  2007 ). Further biochemical and spec-
troscopic characterization of HYDA1 ΔEFG  
from  C. reinhardtii  revealed that a preformed 
[4Fe-4S] subcluster is required for [FeFe]-
hydrogenase activation (Mulder et al.  2009 ). 
These experiments suggest the role of the 
maturation machinery is to synthesize and 
insert the 2Fe subcluster after the pre-formed 
[4Fe-4S] cluster is synthesized and inserted 
by general house-keeping machinery, such 
as for the FeS cluster (ISC) system of  E. coli . 
It was determined that HydF, expressed and 
purifi ed from the genetic background 
HydF EG , is capable of activating HydA ΔEFG  
without the addition of any exogenous small 
molecules (McGlynn et al.  2007 ,  2008 ). 
These results implicate HydF as a scaffold 
protein, on which an H-cluster precursor 
could be formed by the actions of HydE and 
HydG and subsequently transferred to 
HydA ΔEFG . The X-ray crystal structure of 
HYDA1 ΔEFG  from  C. reinhardtii  revealed 
that insertion of the 2Fe subcluster presum-
ably occurs via a positively charged channel 
that closes following incorporation via con-
formational changes in two conserved loop 
regions (Mulder et al.  2010 ,  2011 ). This 
stepwise mechanism is similar to mecha-
nisms proposed for Mo-nitrogenase (Schmid 
et al.  2002 ) and recently for [Fe]-hydrogenase 
maturation (Hiromoto et al.  2009 ), indicat-
ing overarching themes for complex metallo-
cluster synthesis and evolution (Peters and 
Broderick  2012 ). 

 Characterization of HydF has begun to 
provide details on how cluster assembly may 
take place. Initially, reconstituted HydF from 
 T. maritima  was found to bind a single 
[4Fe-4S] cluster and to hydrolyze GTP to GDP 
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(Brazzolotto et al.  2006 ). Further, FTIR and 
EPR on clostridial HydF co-expressed with 
(HydF EG ) or without HydE and HydG 
(HydF ΔEG ) indicate the presence of two clus-
ters: a [4Fe-4S] 2+/1+  cluster, along with a 
[2Fe-2S] 1+  cluster in HydF ΔEG  that is modi-
fi ed to a CO and CN −  coordinated Fe species 
in HydF EG  (Czech et al.  2010 ; Shepard et al. 
 2010a ). HYSCORE on HydF EG  suggests that 
the [4Fe-4S] cluster is ligated by three Cys 
thiolate ligands and one N atom supplied by a 
conserved His residue, which could also pro-
vide covalent attachment to the binuclear Fe 
center forming an H-cluster-like precursor 
(Czech et al.  2010 ). EXAFS indicates that 
the two clusters resemble a six Fe unit simi-
lar to the H-cluster (Czech et al.  2011 ) and 
interestingly, HydF EG  has been demonstrated 
to have small amounts of H 2  evolution and 
uptake activity (Kuchenreuther et al.  2011 ). 
Other temperature-dependent EPR studies 
on HydF EG  suggest that the [4Fe-4S] cluster 
and 2Fe unit are separate spin systems 
(Shepard et al.  2010b ). While the X-ray crys-
tal structure of an apo-form of HydF from 
 T. neapolitana  has recently been determined 
(Cendron et al.  2011 ), the specifi c nature of 
how [4Fe-4S] and [2Fe-2S] clusters bind to 
the protein are unknown. 

 Important insight regarding the role of 
HydG in H-cluster synthesis was set forward 
when it was determined that the sequence is 
similar to the radical SAM enzyme ThiH 
(Pilet et al.  2009 ), which cleaves tyrosine to 
yield  p -cresol and dehydroglycine (DHG). 
The crystal structure of HydG remains 
unknown, but sequence comparisons (Pilet 
et al.  2009 ) indicate the presence of a (βα) 8  
TIM barrel fold along with a 90-amino acid 
extension on its C-terminal end that contains 
a motif of conserved cysteine residues 
(CX 2 CX 22 C) required for maturation (King 
et al.  2006 ). EPR studies indicate the pres-
ence a typical radical SAM [4Fe-4S] cluster, 
along with a second FeS cluster presumed to 
be a [4Fe-4S] cluster (Rubach et al.  2005 ; 
Shepard et al.  2010a ). Like ThiH, HydG is 
able to cleave tyrosine to yield  p -cresol and 
DHG (Pilet et al.  2009 ). From DGH, CN − , 
and CO are produced (Driesener et al.  2010 ; 

Shepard et al.  2010a ), and isotopic labeling, 
monitored by FTIR spectroscopy, demon-
strates that all fi ve CO and CN −  ligands are 
derived from tyrosine (Kuchenreuther et al. 
 2011 ). 

 Potential mechanisms for CO and CN −  
production have been proposed, including a 
single step decarbonylation of DHG 
(Driesener et al.  2010 ; Roach  2011 ) or 
homolytic tyrosine cleavage, ultimately 
yielding H 2 C═NH and  • CO 2  −  through decar-
boxylation of a protonated glycyl radical 
(Nicolet et al.  2010 ; Tron et al.  2011 ). 
Mutagenesis and SAXS on  C. acetobutyli-
cum  HydG suggests that CO production 
depends on the presence of the C-terminal 
[4Fe-4S] cluster, whereas CN −  production 
occurs independently of it (Nicolet et al. 
 2010 ; Tron et al.  2011 ). 

 Given the role of HydG in CO and CN −  
synthesis, one hypothesis is that HydE syn-
thesizes the dithiolate ligand. Precedence is 
set by sequence comparison to radical SAM 
enzyme BioB (Nicolet et al.  2008 ) which 
carries out sulfur insertion reactions in the 
synthesis of dethiobiotin. The X-ray crystal 
structure of HydE from  T. maritima  has been 
determined and revealed a (α/β) 8  TIM barrel 
fold with a site-differentiated [4Fe-4S] clus-
ter bound to SAM, and an additional [2Fe-2S] 
cluster coordinated by three Cys residues 
(Nicolet et al.  2008 ,  2009 ). Site-directed 
mutagenesis of the Cys residues of the [2Fe-2S] 
cluster indicate that the cluster does not serve 
as the source of S atoms in the dithiolate 
ligand (Nicolet et al.  2008 ). Three anion 
binding sites within the (α/β) 8  barrel and a 
substrate binding area were identifi ed near 
the SAM cofactor to which thiocyanate was 
found to bind with high affi nity (Nicolet 
et al.  2008 ). Despite this signifi cant progress, 
the substrate, along with mechanism for 
synthesis of the dithiolate ligand, remains 
unknown. 

 The [FeFe]-hydrogenase from  Clostridium 
acetobutylicum  (HydA), along with its mat-
uration machinery was recently expressed in 
the cyanobacterium  Synechococcus elonga-
tus  (Ducat et al.  2011 ). Photosynthetic H 2  
production in the presence of DCMU (which 
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blocks PSII-catalyzed O 2 -evolution) was 
observed with the transformant, while none 
was detected from the parent strain under 
the same conditions, suggesting a lack of 
native Hox hydrogenase activity. Light-
driven H 2  production was further enhanced 
two-fold when the HydA-expressing strain 
was co-transformed with a ferredoxin from 
 C. acetobutylicum . Collectively, these fi nd-
ings suggest that the foreign hydrogenase 
is functionally integrated in the photosyn-
thetic machinery of the host’s cells. More 
recently, an active [FeFe]-hydrogenase from 
 C. reinhardtii  (HYDA1) was also expressed 
in  Synechocystis,  which led to a fi ve-fold 
enhancement in light-driven H 2  production 
(in the presence of DCMU) compared to the 
untransformed parent strain, which dis-
played native Hox hydrogenase activity 
(Berto et al.  2011 ). A C365G mutation of 
the H-cluster of HYDA1 abolished the 
improvement, hence confi rming functional-
ity of the HYDA1 in  Synechocystis . The 
expression of a  C. pasteurianum  [FeFe]-
hydrogenase in  Synechococcus  PCC 7942 
without the co-expression of its maturation 
machinery ( hydEFG ) had been reported ear-
lier (Asada et al.  2000 ), raising the question 
of how cyanobacteria can assemble a for-
eign [FeFe]-hydrogenase without the 
 specifi c HydE, HydF and HydG maturation 
factors. This will perhaps be a major theme 
in upcoming research.  

   3. Regulation 

 The algal hydrogenases HYDA1 and 
HYDA2 are encoded by nuclear genes local-
ized in separate scaffolds. They both contain 
transit peptides that direct the apoproteins to 
the chloroplast, where the inorganic catalytic 
cluster is proposed to be inserted (see Sect   . 
 II.A.2  above). There is limited information 
on the transcriptional regulation of the 
hydrogenase genes in algal species. HYDA1’s 
promoter region was characterized through 
the expression of a reporter gene (Forestier 
et al.  2003 ; Stirnberg and Happe  2004 ) and 
shown to comprise nucleotides -128 to -21 
relative to the transcription start site, but no 

further studies on specifi c transcriptional 
regulators had been reported until recently. 
The two genes are clearly regulated by 
anaerobiosis (Happe and Kaminski  2002 ; 
Mus et al.  2007 ) and by the redox state of the 
plastoquinone pool (Posewitz et al.  2004b ). 
Recent studies by Pape et al. ( 2012 ) showed 
evidence that HYDA1’s transcription is 
under the control of the copper response reg-
ulator 1 (CRR1). The latter contains a 
 squamosa-binding protein domain which is 
known to recognize GTCA motifs on pro-
moters of specifi c genes (Koprat et al.  2005 ). 
However, mutations within this motif did not 
completely abolish anoxic activation of 
HYDA1 (Pape et al.  2012 ), suggesting that 
other regulators must be available. Although 
O 2  sensors in  Chlamydomonas  are not well 
characterized, the presence of homologues of 
FixL genes has been reported in the 
 Chlamydomonas  genome. FixL proteins are 
responsible for O 2 -sensing and transcrip-
tional activation of nitrogenase in Rhizobia 
(Gillez-Gonzalez et al.  1994 ) and therefore 
their homologues could serve similar func-
tion in algae. Consistent with this hypothe-
sis, when expressed in  E. coli , the catalytic 
domains of two algal homologues were 
shown to bind O 2  with high affi nity (Murthy 
et al.  2012 ).   

     B. [NiFe]-Hydrogenases 

   1. Structure, Function and O 2  Sensitivity 

 Unlike the [FeFe]-hydrogenases found in 
algae, cyanobacteria contain hydrogenases 
with [NiFe]-active sites: two-subunit uptake 
hydrogenases associated with nitrogenase 
function and/or a fi ve-subunit bidirectional 
hydrogenase (Tamagnini et al.  2007 ). In this 
chapter we will focus on the bidirectional 
hydrogenase in cyanobacteria. 

 [NiFe]-hydrogenases are present through-
out Archaea and Bacteria and are minimally 
heterodimeric, consisting of a large subunit 
containing the active site and a small subunit 
containing at least one Fe-S cluster that plays 
a role in ET to and from the large subunit for 
H 2  reduction/oxidation. In the bidirectional 
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hydrogenase of cyanobacteria, the catalytic 
subunit is HoxH and the small subunit is 
HoxY, which contains a single [4Fe-4S] 
cluster. The catalytic center of HoxH  contains 
Fe and Ni atoms coordinated by two CN −  and 
one CO ligands as well as sulfur atoms in 
conserved cysteine residues from the sur-
rounding protein (Fontecilla-Camps et al. 
 2007 ; Germer et al.  2009 ; Heinekey  2009 ). 
Hydrophobic channels link the catalytic site 
and protein surface to allow gas diffusion 
(Teixeira et al.  2006 ; Galvan et al.  2008 ). 
Heterolytic splitting of H 2  likely occurs at 
the Ni atom, although this is still open to 
debate. Multiple redox states of the active 
site have been identifi ed involving the Ni 
moiety and the S-donor on one of the bridg-
ing cysteines (Ogata et al.  2005 ; Volbeda 
et al.  2005 ; Lubitz et al.  2007 ; Germer et al. 
 2009 ; Ogata et al.  2009 ). In general, [NiFe]-
hydrogenases have two oxidized states, Ni-A 
(unready) and Ni-B (ready). Ni-B reactivates 
within seconds while Ni-A reactivates much 
more slowly. The proton in the active site in 
the oxidized form is not accessible in the 
Ni-A state, likely due to its bridging ligand. 
One electron-reduction of Ni-A and Ni-B 
states is coupled to proton transfer in the 
active site and results in EPR-silent, catalyti-
cally inactive intermediates termed Ni-S u  
(silent unready) and Ni-SI r  (silent ready), 
respectively. Reactivation in the Ni-SI r  state 
results in a Ni-SI a  (silent active) state, while 
further reduction leads to a paramagnetic 
Ni-C intermediate that contains a hydride 
bridge between the Ni and Fe atoms. Ni-C 
reduction results in the most reduced state, 
Ni-R, an EPR-silent state that maintains the 
bridging hydride. Ni-R exists in multiple 
protonated states that likely lead to the cata-
lytic splitting of H 2  (Lubitz et al.  2007 ; Ogata 
et al.  2009 ; Pandelia et al.  2010 ). FTIR and 
EPR studies of the bidirectional hydrogenase 
of  Syne chocystis  were able to detect at least 
four of these states but were unable to detect 
any paramagnetic states in the fully reduced 
or oxidized form (Germer et al.  2009 ). 

 Similar multisubunit bidirectional hydrog-
enases found in cyanobacteria have also been 
characterized in other bacteria such as the 

soil microbe  Ralstonia eutropha  and other 
phototrophic bacteria (Schneider et al. 
 1984a ,  b ; Rakhely et al.  2004 ,  2007 ; Burgdorf 
et al.  2005 ; Long et al.  2007 ; Tamagnini et al. 
 2007 ; Maroti et al.  2010 ; Carrieri et al. 
 2011 ). The additional three subunits 
(HoxEFU) in these hydrogenases exhibit 
extensive homology to the NuoEFG compo-
nents of bacterial Complex I (Appel and 
Schulz  1996 ). Similarly to the small subunit 
HoxY, these subunits all contain at least one 
FeS cluster for ET. In addition, the HoxF 
subunit also contains NAD and FMN bind-
ing sites that can catalyze the oxidation/
reduction of NAD(P)H/NAD(P) +  as a diaph-
orase (Massanz et al.  1998 ; Lauterbach et al. 
 2011 ). These so-called diaphorase subunits 
provide the coupled electron donor/acceptor 
for the hydrogenase  in vivo  (Boison et al. 
 1998 ; Massanz et al.  1998 ; Rakhely et al. 
 2004 ; Antal et al.  2006 ; Long et al.  2007 ) 
transferring electrons between the hydroge-
nase catalytic site and NAD(P)H/NAD(P)+. 
Purifi ed  Thiocapsa roseopersicina  (Palagyi-
Meszaros et al.  2009 ) and  Synechocystis  
(Schmitz et al.  2002 ; Germer et al.  2009 ) 
intact HoxEFUYH complexes link to both 
NADH and NADPH. In  Allochromatium 
vinosum  (Long et al.  2007 ) and the cyano-
bacterium  Gleocapsa alpicola  CALU 743 
(Serebriakova and Sheremetieva  2006 ) only 
HoxYH was purifi ed. This HoxYH subcom-
plex lacked detectable hydrogenase activity 
with NAD(P)H as an electron donor, high-
lighting the role of the diaphorase subunits 
in linkage to NAD(P)H/NAD(P) +  as an 
 electron donor/acceptor. 

 The function of this bidirectional hydrog-
enase varies in the organism in which it is 
found, but it seems to act to balance  reductant 
levels in the cell during fermentation and/or 
photosynthesis. The homolog in  R. eutropha  
functions in uptake of H 2  under autotrophic 
conditions, presumably to provide reductant 
in the form of NAD(P)H for carbon fi xation 
(Burgdorf et al.  2005 ). In the photosynthetic 
bacterium  T. roseopersicina,  the bidirec-
tional hydrogenase catalyzes H 2  production 
under dark, fermentative conditions and in the 
light under nitrogenase-repressed conditions 
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when thiosulfate is present, but functions in 
H 2  uptake in the light in cells actively fi xing 
nitrogen to recycle the H 2  co-produced by 
nitrogenase (Rakhely et al.  2007 ). In cyano-
bacteria, the bidirectional hydrogenase has 
been characterized to be biased towards H 2  
production (McIntosh et al.  2011 ). The 
hydrogenase is active under dark, fermenta-
tive conditions and, during the transition 
from dark to light, it exhibits a short burst 
(30 s) of production before it switches to the 
uptake direction and is subsequently inacti-
vated in the presence of O 2  (Cournac et al. 
 2002 ,  2004 ; Schutz et al.  2004 ). Therefore, 
this hydrogenase has been hypothesized to 
act as an electron valve for cells under chang-
ing redox states. Mutants of the hydrogenase 
( hoxH-  and  hoxEF- ) were reported to exhibit 
defects in growth, a 20–30 % decrease in the 
photochemical activity of PSII and an 
increased PSII/PSI ratio (Appel et al.  2000 ; 
Cournac et al.  2002 ,  2004 ; Schutz et al. 
 2004 ; Gutthann et al.  2007 ; Antal et al. 
 2006 ), although additional studies have been 
unable to reproduce these defects (Eckert 
et al.  2012a ; Pinto et al.  2012 ). It has also 
been suggested that the bidirectional 
 hydrogenase may play a role in respiration, 
since NuoE, NuoF, and NuoG are absent in 
cyanobacteria, and the only homologs 
 present are HoxE, HoxF, and HoxU, respec-
tively (Schmitz et al.  1995 ; Appel and Schulz 
 1996 ). Despite this homology, no  evidence 
to date of any role of the Hox hydrogenase in 
respiration has been reported (Boison et al. 
 1998 ,  1999 ; Howitt and Vermaas  1999 ). 

 In the [NiFe]-hydrogenase from  Desul-
fovibrio fructosovorans , O 2  reacts with its 
active site forming either a hydr(oxo) group 
(Ni-B) or a (hydro)-peroxo group  (Ni-A) 
(Volbeda et al.  2005 ). Either oxygen radicals 
can be removed to restore the hydrogenase 
activity once the enzyme is returned to an 
anaerobic reducing environment. The bidi-
rectional hydrogenase from cyanobacteria is 
believed to be a constitutive enzyme, with 
hydrogenase transcripts  produced in the light 
(aerobic) in  Nostoc muscorum  (Axelsson and 
Lindblad  2002 ), in  Anabaena variabilis  
(Boison et al.  2000 ) and in  Synechocystis  

(Kiss et al.  2009 ), and the presence of the 
hydrogenase polypeptide is detected in 
 Anabaena variabilis  (Serebriakova et al. 
 1994 ). The produced enzyme presumably 
remains in an inactive state and as such can-
not contribute to sustainable H 2  production. 
Dark anaerobic incubation or addition of 
DCMU to a light-grown culture is known to 
induce signifi cantly higher bidirectional 
hydrogenase activity in both  Nostoc  (Sjoholm 
et al.  2007 ) and  Synechocystis  (Cournac et al. 
 2004 ; Baebprasert et al.  2010 ). As such, the 
cyanobacterial bidirectional hydrogenase is 
O 2  sensitive, albeit synthesized  aerobically. 
Transient and fully reversible H 2  production 
is observed when a  Synechocystis  culture is 
switched quickly between light and dark con-
ditions (Cournac et al.  2004 ). This fast transi-
tion from an inactive to an active state (within 
a few seconds) suggests that (a) the bidirec-
tional hydrogenase is a holoenzyme with the 
maturation process fully functional aerobi-
cally; and (b) the hydrogenase must remain in 
the Ni-B state to afford very fast reactivation. 
The latter was indeed demonstrated by FTIR 
studies of purifi ed bidirectional hydrogenase 
from  Synechocystis , in which a “Ni-B like” 
state was detected even under a highly oxi-
dized state. Both criteria (a) and (b) are there-
fore important considerations for developing 
photosynthetic H 2  production. Protein fi lm 
electrochemical studies of the bidirectional 
hydrogenase from  Synechocystis  revealed 
that, despite its O 2  sensitivity, the hydroge-
nase functions in the proton-reduction direc-
tion at 25–50 % of the maximal rate even in 
the presence of 1 % O 2  (McIntosh et al.  2011 ). 
Collectively, the  aerobic synthesis of a holo-
enzyme and its fast reactivation may allow 
the bidirectional hydrogenase to serve as a 
valuable model to gain insight as to the mech-
anism for fi ne-tuning reactivation. Recent 
advancements uncovered a novel mechanism 
of O 2  tolerance attributed to the presence of 
the supernumerary cysteine in the proximal 
cluster of the small subunit of the [NiFe]-
hydrogenases in  R. eutropha  (Fritsch et al. 
 2011 ),  E. coli  (Volbeda et al.  2012 ), and 
 Aquifex aeolicus  (Pandelia et al.  2011 ). The 
unusual [4Fe-3S] cluster is poised at a very 
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high potential with the two added cysteines 
functioning to deliver four extra electrons for 
O 2  scavenging, hence protecting the [NiFe]-
active site from O 2  inactivation. This action 
consumes four electrons per molecule of O 2 , 
hence at the expense of two molecules of H 2 . 
This oxygen-resistant reaction will therefore 
severely impact the photosynthetic conver-
sion effi ciency if and when engineered suc-
cessfully in a cyanobacterium for light-driven 
H 2  production.  

   2. Maturation 

 [NiFe]-hydrogenase maturation involves 
several biochemical steps that were fi rst 
described in  E. coli  (Bock et al.  2006 ). The 
maturation chaperones required for this pro-
cess are part of a set of accessory proteins 
encoded by the  hypABCDEF  genes (Lutz 
et al.  1991 ). Cyanobacteria contain homolo-
gous gene products which may fulfi ll similar 
functions in this organism (Maier et al.  1993 ; 
Buhrke et al.  2001 ; Wunschiers et al.  2003 ; 
Oliveira et al.  2004 ; Hoffmann et al.  2006 ; 
Leitao et al.  2006 ; Devine et al.  2009 ). In 
 E. coli , the biosynthesis of [NiFe]-hydrogenase 
starts with the formation of an iron ligand on 
the HypC/HypD dimer. Simultaneously, a 
thiocyanate ligand is generated from car-
bamoyl phosphate on the HypE protein, 
forming a HypE-SCN complex (Paschos 
et al.  2001 ; Reissmann et al.  2003 ). This 
reaction is catalyzed by the HypF subunit 
and is ATP dependent. The CN ligands are 
subsequently transferred to the Fe-HydC/
HydD dimer, which plays a role in Fe coordi-
nation of the active site. CO is also trans-
ferred to the active site, but the actual 
mechanism is not clear. The partially assem-
bled metallo-cluster is then transferred from 
HypC to the precursor form of the catalytic 
subunit, pre-HycE (Magalon and Bock  2000 ) 
which is present in an open conformation 
that allows for metal insertion (Blokesch and 
Bock  2002 ). The next step is insertion of 
nickel, via the HypB-HypA-SlyD-preHycE 
complex, a process in which HypA acts as a 
scaffold and involves GTP hydrolysis by 
HypB, assisted by SlyD. The latter is also a 

Ni-storage protein (Maier et al.  1993 ; Chung 
and Zamble  2011 ; Kaluarachchi et al.  2011 ). 
After both metals have been coordinated to 
the large subunit precursor form, the C ter-
minus is then accessible for cleavage by an 
endopeptidase. The cleavage reaction is a 
subunit-specifi c process and is catalyzed by 
HycI in  E. coli  (Vignais and Colbeau  2004 ). 
In the  Synechococcus  strain PCC 6301, the 
HypA, B, C, D, E, F, and HoxW proteins 
(homologs of the  E. coli  HypABCDE-F 
and HycI) are believed to be involved in 
the maturation of the large subunit, HoxH 
(Thiemermann et al.  1996 ). HypC possesses 
an N-terminal cysteine domain that could 
interact with the precursor of HoxH (Olson 
and Maier  1997 ), and HypD has fi ve con-
served cysteines, which could be involved in 
metal binding (Gubili and Borthakur  1998 ). 
Recently, the crystal structure of HypF alone 
or of the HypE-HypF complex revealed that 
HypF catalyzes the carbamoylation of the 
C-terminal cysteine of HypE yielding the 
carbamoyl-HypE molecule (Shomura and 
Higuchi  2012 ). The HypA and HypB-SlyD 
protein couple shows putative Ni-binding 
sites on HypA as well as a GTPase domain 
for HypB (Tibelius et al.  1993 ; Olson and 
Maier  2000 ; Hoffmann et al.  2006 ; Chung 
and Zamble  2011 ) demonstrate that HypA 
and HypB are required for Ni insertion into 
the large subunit of the  Synechocystis  sp. 
6803 hydrogenase, while its two homologs, 
HypA2 and HypB2, probably have a role as 
chaperones in the maturation of a different 
set of metalloproteins in this organism. 
Transcription of  hypFCDEAB  was subjected 
to the same regulation as the bidirectional 
hydrogenase in the fi lamentous cyanobacte-
rium  Lyngbya majuscula  (Ferreira et al. 
 2007 ). Finally, HoxW in  Ralstonia  eutropha  
(Thiemermann et al.  1996 ) and Slr2876 in 
 Synechocystis  sp. 6803 (Hoffmann et al. 
 2006 ) are identifi ed proteases for HoxH with 
a role similar to that of HycI in  E. coli .  

   3. Regulation 

 Transcriptional regulation of cyanobacterial 
hydrogenases was reviewed recently (Eckert 
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et al.  2012b ). The fi ve genes  hoxEFUYH  in 
 Synechocystis  are clustered in an  octacistronic 
operon that also contains three open reading 
frames of unknown function. Under normal 
laboratory growth conditions, this operon is 
weakly expressed as a polycistronic tran-
script, which initiates 168-bp upstream of 
the start codon of the proximal  hoxE  gene 
(Gutekunst et al.  2005 ; Oliveira and Lindblad 
 2005 ). The transcriptional regulation of the 
 hox  operon is complex and responds to 
 various environmental conditions. In a circa-
dian rhythm,  hox  transcripts increase in the 
light and decrease in darkness (Kucho et al. 
 2005 ). Higher levels of  hox  transcripts have 
been observed under microaerobic or anaer-
obic conditions and under high light. 
Additionally, lower levels of transcripts were 
observed when the Calvin cycle was inhib-
ited (Kiss et al.  2009 ). 

 Regulation of  hox  transcription involves 
at least three proteins. The LexA-related 
 protein (LexA; Sll1626), which appears to 
regulate carbon assimilation, also activates 
the transcription of the  hox  genes through 
binding to the  hox  promoter (Gutekunst et al. 
 2005 ; Oliveira and Lindblad  2005 ). In con-
trast, two AbrB-like regulators (AbrB1, 
Sll0359; AbrB2, Sll0822) repress  hox  
 transcription through binding to the same 
 hox  promoter (Oliveira and Lindblad  2008 ; 
Dutheil et al.  2012 ). Promoter-reporter 
fusion studies show that the  hox  promoter is 
weakly active, despite the presence of 
sequences resembling the canonical -35 
(TTGctc) and -10 (TAacAa) promoter boxes 
(Dutheil et al.  2012 ). The LexA binds to a 
region located between nucleotides-198 and 
-338 bp, as well as -592 to -690 bp, with 
respect to the translational start point. 
Furthermore, a LexA-depleted mutant exhib-
ited a decrease in Hox activity, reinforcing 
LexA’s involvement in  hox  gene transcrip-
tion (Gutekunst et al.  2005 ; Oliveira and 
Lindblad  2005 ) AbrB2 was found to sup-
press  hox  promoter activity by binding to 
multiple sites on the promoter (Dutheil et al. 
 2012 ). The presence of distant LexA and 
AbrB2 binding regions in the  hox  promoter 
suggests the possible involvement of a DNA 

looping mechanism in the regulation of  hox  
transcription (Oliveira and Lindblad  2009 ; 
Dutheil et al.  2012 ). Deletion of AbrB2 from 
WT  Synechocystis  6803 resulted in a strain 
exhibiting normal growth yet increased  hox  
transcription and hydrogenase activity, while 
overexpression of AbrB2 lead to suppressed 
 hox  transcription and hydrogenase activity 
(Dutheil et al.  2012 ).    

    III. Ferredoxin Network in 
 Chlamydomonas reinhardtii  

 Ferredoxins are small acidic proteins with a 
low-redox potential that harbour an FeS clus-
ter and function as electron carriers in diverse 
metabolic pathways in bacteria, plants, algae, 
and animals. The  Chlamydomonas rein-
hardtii  genome contains 6 genes that encode 
for 6 FDXs that are categorized in 3 groups, 
the leaf-type (FDX1, 5), the root-type 
(FDX2), and the unknown-function type 
(FDX3, 4, and 6) (Terauchi et al.  2009 ). 
Typically, plant-type FDXs function primar-
ily in photosynthesis where they transfer 
electrons from photoreduced PSI to FDX/
NADP +  reductase (FNR) to produce NADPH 
required for CO 2  assimilation, whereas the 
root-type FDXs can channel electrons 
through FNR from reduced NADPH to non-
photosynthetically-active pathways such as 
nitrogen, sulfi te, and glutamate assimilation 
(Hase et al.  1991 ; Matsubara and Saeki  1992 ; 
Onda et al.  2000 ; Yonekura-Sakakibara et al. 
 2000 ). Finally, the role of the third class of 
FDXs remains enigmatic, and they exhibit 
sequence similarity to cyanobacteria FDXs 
of unknown function. 

 In  Chlamydomonas , all six FDXs have 
putative chloroplast transit peptides and fi ve 
of them (FDX1, FDX2, FDX3, FDX5 and 
FDX6) have been experimentally confi rmed 
to be localized in the chloroplast (Schmitter 
et al.  1988 ; Jacobs et al.  2009 ; Terauchi et al. 
 2009 ). Transcript abundance studies indicate 
that  FDX1  represents 98 % of the total FDX-
encoded transcript pool in  Chlamydomonas  
cells grown in the absence of stress and it 
represents the majority of the pool under 
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stress condition, suggesting an important 
role of this protein in the cells (Terauchi 
et al.  2009 ). Indeed, FDX1 seems to be 
 associated with multiple metabolic  pathways, 
ranging from photosynthetic ET (Fischer 
et al.  1999 ; Terauchi et al.  2009 ) to 
 redox-dependent enzymes involved in cen-
tral metabolism such as thioredoxin (Jacquot 
et al.  1997 ), assimilatory enzymes such as 
nitrite reductase and glutamate synthase 
(Garcia-Sanchez et al.  1997 ; Terauchi et al. 
 2009 ), and fi nally, H 2  production (HYDA) 
(Long et al.  2008 ). Interestingly, all the H 2  
production pathways (see previous section) 
diverge from FDX. However, there is no 
direct proof of one specifi c FDX interacting 
with pyruvate/ferredoxin oxidoreductase 
(PFR) under dark anaerobiosis (see previous 
section), and FDX1 is probably fulfi lling this 
role. Under photosynthetic conditions, 
FDX1 has been demonstrated to be able to 
mediate ET to HYDA1 (Yacoby et al.  2011 ) 
and  in silico  docking analysis along with 
mutagenesis have identifi ed probable bind-
ing complexes and several amino acid resi-
dues required for FDX/HYDA1 and FDX/
HYDA2 interaction complexes (Chang et al. 
 2007 ; Long et al.  2009 ; Winkler et al.  2009 ). 
It appears that FDX binding to HYDA is 
driven mainly by electrostatic interactions. 
Specifi cally, HYDA1 Lys 396  and FDX1 Glu 122  
make a major contribution to complex 
 formation and ET (Winkler et al.  2009 ). It 
must be noted that HYDA2 also shows con-
servation of the required lysine, and all FDXs 
but FDX3 have the conserved glutamic acid 
residue. 

 In the case of FDX2, several studies have 
confi rmed its role in nitrogen assimilation 
(Jacquot et al.  1997 ; Terauchi et al.  2009 ). 
FDX2 transcript and protein levels are 
increased in nitrate grown  Chlamydomonas  
cells (Terauchi et al.  2009 ). FDX2 can physi-
cally interact with the  Chlamydomonas  
nitrite reductase (Garcia-Sanchez et al.  1997 ) 
and effi ciently transfer electrons to the 
enzyme to reduce nitrate at a rate 10 times 
higher than FDX1 (Terauchi et al.  2009 ). 
FDX2 can also receive electrons from FNR 
in a more effi cient manner than FDX1, indicat-

ing that FDX2 is functionally a root-type 
FDX, as suggested by phylogenetic analysis 
(Terauchi et al.  2009 ). 

 FDX5 has been demonstrated to be highly 
induced at (both transcript and protein level) 
at the onset of anaerobiosis, either under 
dark or sulfur-deprivation conditions (Jacobs 
et al.  2009 ; Terauchi et al.  2009 ), and it is 
upregulated under copper defi ciency. Indeed, 
the CRR1 (copper response regulator) 
 transcription factor was shown to interact 
with FDX5, linking the protein to copper 
metabolism (Lambertz et al.  2010 ). However, 
no specifi c function has been described so 
far for FDX5, although it is known that 
FDX5 cannot mediate ET to the hydrogenase 
enzymes under anaerobiosis (Jacobs et al. 
 2009 ), and no direct interaction studies have 
shown the association of FDX5 with other 
specifi c proteins involved in the copper defi -
ciency response. 

 Finally, despite a recent expression pat-
tern analysis of all the FDXs, the role of 
FDX3, 4, and 6 remains enigmatic (Terauchi 
et al.  2009 ). Those proteins have probably 
evolved specialized functions, since their 
sequences diverge from the other FDX genes, 
and they do not cluster with leaf or root-type 
FDX (Terauchi et al.  2009 ). Clearly, further 
investigation is required to demonstrate and 
assign specifi c function for each individual 
FDX. Direct  in vivo  examination of mutant 
alleles, protein overexpression and  in vivo/ 
in vitro  interaction analysis are essential to 
defi nitively determine the biochemical 
 pathways and map the FDX-dependent net-
work in  Chlamydomonas .  

    IV. Barriers to H 2  Photoproduction 

 Although sustained H 2  photoproduction by 
 Chlamydomonas  can be achieved by partial 
inactivation of PSII (see Sect.  I.A ), the 
resulting light-conversion effi ciencies are 
too low for commercial applications (James 
et al.  2008 ) and would require reactor areas 
that are too large. The barriers to commer-
cialization are due, mostly to physiological 
limitations and have been listed in previous 
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reviews (Melis and Happe  2004 ; Esper et al. 
 2006 ; Ghirardi et al.  2009 ; Rupprecht  2009 ; 
Kruse and Hankamer  2010 ; Lee et al.  2010 ; 
Eroglu and Melis  2011 ). In the next sections, 
we present an update on the state-of-the-art 
regarding the status of these barriers. 

    A. O 2  Sensitivity of Hydrogenases 

 In Sect.  I.A , we described sulfur-deprivation 
and other methods that temporarily decrease 
PSII activity as a current approach to sustain 
H 2 -photoproduction. An alternative strategy 
to address the O 2  sensitivity barrier while 
maintaining high light conversion effi ciency 
is to heterologously express an O 2 -tolerant 
foreign hydrogenase into an algal/cyanobac-
terial host. The critical criteria for success 
are (a) the O 2 -tolerant hydrogenase should 
favor H 2  evolution over H 2  uptake; and (b) 
the foreign hydrogenase must be able to link 
to the host’s photosynthetic ET pathway 
(preferentially via the low redox potential 
mediator, ferredoxin, for more favorable 
energetics). The second criterion is best met 
by attempting to express [FeFe]-hydrogenases 
in photosynthetic hosts. 

 Advancement has been made in the heter-
ologous expression of O 2 -tolerant [NiFe]-
hydrogenases from either  Alteromonas 
macleodii  or  T. roseopersicina  into 
 Synechococcus elongatus  strains lacking their 
native bidirectional hydrogenase (Weyman 
et al.  2011 ). Hydrogenase activity, assayed 
with reduced MV was detected, but photopro-
duction of H 2  was not observed in either case. 
In both transformants, co-expression of the 
specifi c maturation machinery of the foreign 
[NiFe]-hydrogenase was required for activity. 

 In contrast to the success in developing 
heterologous expression of recombinant 
[NiFe]- and [FeFe]-hydrogenases in cyano-
bacteria (see Sect.  II.A.2 ), to date there are no 
reports of successful heterologous expression 
of hydrogenases in algae. In theory, the 
expression of bacterial [FeFe]-hydrogenases, 
shown to have more O 2  tolerance than the 
algal enzymes, should not be constrained by 
maturation specifi city. Both bacterial (King 
et al.  2006 ; Akhtar and Jones  2008 ; von 

Abendroth et al.  2008 ; Kalim Akhtar and 
Jones  2009 ; English et al.  2009 ; Kuchenreuther 
et al.  2010 ; Laffl y et al.  2010 ; Yacoby et al. 
 2012 ) and algal (Agapakis et al.  2010 ; Ducat 
et al.  2011 ) maturation systems have been 
shown to activate the corresponding heterolo-
gous enzymes at relatively high effi ciencies. 
Moreover, bacterial [FeFe]-hydrogenases 
were shown in early studies to effectively 
 couple to plant-type ferredoxins (Rao et al. 
 1978 ; Fitzgerald et al.  1980 ; Hall et al.  1980 ). 
By far, the most challenging aspect is to 
develop a successful route for engineering 
improved O 2  tolerance in [FeFe]-hydrogenases 
(Flynn et al.  2002 ; Barstow et al.  2011 ; Lautier 
et al.  2011 ) which to date have not produced 
increases in tolerance to the levels shown for 
the [NiFe]-hydrogenases [(Liebgott et al. 
 2011 ) and reviewed in more detail elsewhere 
in this book]. Moreover, high recombinant 
expression levels will require optimizing the 
nucleotide sequences of transgenes and incor-
poration of transit peptides required to signal 
the targeting of the hydrogenase product into 
the chloroplast. Studies on the structure, func-
tion, and of transit peptides and linker regions 
(Chen and Schnell  1999 ; Keegstra and Cline 
 1999 ; Bruce  2000 ) have led to efforts in opti-
mization (Jin et al.  2003 ) but this remains an 
area for further research.  

    B. Competition with Other Pathways 

 Electron transport from the photosynthetic 
chain to hydrogenases in  Chlamydomonas  
is mediated by FDX, and, as discussed in 
Sect.  III , is subject to competition with 
multiple other metabolic pathways. Under 
anaerobic and high light conditions, the 
major competitors are cyclic electron fl ow 
and FNR, which generates NADPH for 
 carbon fi xation. 

 Not surprisingly, algal cells in CEF mode 
exhibit low rates of light-driven H 2  evolution 
for two main reasons: (a) sequestration of 
FDX by FNR and (b) down-regulation of elec-
tron transport due to non-dissipation of the 
proton gradient by ATP synthesis (see 
Sect.  IV.B ). Recently, a strategy for adjusting 
the kinetics of electron fl ow to hydrogenase 
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was reported based on the fusion of FDX to 
the mature form of [FeFe]-hydrogenase 
HYDA1 (Yacoby et al.  2011 ). When com-
bined with thylakoid membranes, plastocya-
nin, ascorbate, and DCMU, the FDX-HYDA1 
fusion catalyzed photohydrogen production, 
with rates being enhanced by the addition of 
free FDX. Addition of FNR and NADP +  
resulted in no change in H 2  evolution rates, 
whereas the rates of H 2  production by the 
native HYDA1 were severely depressed due 
to kinetic competition for reduced FDX with 
FNR. Whether this same effect can be 
observed  in vivo , and if a synergistic effect 
can be observed by expression in CEF 
mutant backgrounds remain interesting new 
areas for investigation.  

   C. Downregulation of Electron Transport 
by Non-dissipation of the Proton Gradient 

 As mentioned in Sect.  I.A , the rate of elec-
tron transport is regulated by two major 
mechanisms: NPQ and CEF. It has been spec-
ulated that elimination of either of these 
mechanisms should result in higher rates of 
H 2  photoproduction. This hypothesis was ver-
ifi ed in the past by addition of the uncouplers 
CCCP or FCCP to anaerobically-induced 
algal cultures; the resulting rate of H 2  photo-
production was reported to be at least one 
order of magnitude higher than that in the 
absence of the uncoupler (Happe et al.  1994 ; 
Cournac et al.  2002 ; Lee and Greenbaum 
 2003 ; Kruse et al.  2005 ). Moreover, two 
 Chlamydomonas  insertional mutants,  STM6  
(Kruse et al.  2005 ; Tolleter et al.  2011 ) and 
 PGRL1 , were recently identifi ed as high H 2 -
producers. The  STM6  mutant was reported as 
having a complex phenotype that includes 
higher H 2  photoproduction rates and yields, 
higher starch accumulation and respiration 
rates, and lack of CEF (they are locked in 
state 1) as measured under dark anaerobic or 
sulfur-deprivation-induced anaerobiosis. The 
mutant was generated by random insertional 
mutagenesis and is defective in the MOC1 
nuclear-encoded factor that is responsible for 
the assembly of the mitochondrial respiratory 
chain under illumination (Schonfeld et al. 

 2004 ). Unfortunately, the parental strain used 
to generate this mutant had low H 2 -producing 
capabilities, and the H 2  yields by the  ΔSTM6  
are close to those of the cc124 WT strain 
(Kosourov et al.  2003 ).

The PGRL1 protein was fi rst identifi ed 
through quantitative proteomics as being 
up-regulated under iron deprivation 
(Merchant et al.  2007 ). Its involvement in 
CEF was initially reported by (Petroutsos 
et al.  2009 ) and confi rmed by (Tolleter et al. 
 2011 ). The latter observed an aberrant fl uo-
rescence induction curve during dark-light-
dark transition, and determined that the 
PGRL1 mutant showed higher ET rate but 
lower NPQ than its WT parental strain, sug-
gesting a compromised CEF pathway 
(Tolleter et al.  2011 ). CEF was measured by 
two different assays: the rate of re-reduction 
of PSI, and the relaxation of the electrochro-
mic shift. The results confi rmed the reduced 
levels of CEF in the mutant. The H 2 -
photoproduction capability of the mutant 
was shown to be signifi cantly higher than 
that of the WT culture, both under dark 
anaerobic and sulfur-deprivation-induced 
anaerobic conditions, mimicking the effect 
of the uncoupler FCCP. More recently, it has 
been shown that the rate of CEF correlates 
with the redox poise of the stroma (Johnson 
and Alric  2012 ) which can signifi cantly 
impact the distribution of electrons between 
the Calvin cycle, the hydrogenase, and CEF. 
In contrast to the STM6 mutant, the parental 
strain for PGRL1 is the high H 2 -producing 
WT 137C (Melis et al.  2000 ). Finally, work 
is underway in various laboratories in 
attempting to express a channel across the 
thylakoid membrane that allows proton 
 dissipation under specifi c inducible condi-
tions (Lee and Greenbaum  2003 ). No suc-
cessful results have been reported at the 
time this review was submitted.  

   D. Other Barriers 

 Even if all of the above-mentioned barriers 
are solved, photosynthetic organisms will 
only photoproduce H 2  at high light con-
version effi ciencies under non-saturating 
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illumination. Due to the large number of 
light-harvesting pigments associated with 
each photosystem in green algae and cyano-
bacteria, photosynthetic rates saturate at 
lower than sunlight intensities (which is 
about 2,000 µE m −2  s −1 ). As a consequence, 
the rates of photosynthetic processes (such 
as CO 2  fi xation, O 2  evolution, and H 2  photo-
production) at solar intensities become lim-
ited by the rate of ET within the photosynthetic 
apparatus. In mass cultures, this effect results 
in most of the illumination being utilized 
by the top few layers of cells, which shade 
the remainder of the culture and result in 
limited volumetric light conversion effi cien-
cies (Benemann  1989 ; Melis et al.  1998 ; 
Ort and Melis  2011 ). Many laboratories 
are approaching this barrier by developing 
mutants that express truncated Chl antennae. 
In the case of green algae, these mutants are 
expected to contain a higher ratio of reaction 
centers/Chl (and thus higher photosynthetic 
rates measured on a Chl basis) and to satu-
rate at higher light intensities (Melis et al. 
 1998 ). In cyanobacteria, truncated antennae 
are expected to result in lower levels of phy-
cobilisomes and associated pigments and 
increased ratio of PSI/PSII (Bernat et al. 
 2009 ). This concept was demonstrated 
with H 2 -producing  Rhodobacter  strains 
(Kondo et al.  2002 ) and with dense cultures 
of  Chlorella  (Nakajima and Ueda  1997 ; 
Nakajima et al.  2001 ). Recently, exciting 
results have been reported in two  C. rein-
hardtii  mutants,  tla1  and  tla2 , which have 
light-harvesting Chl antennae that are 
51–66 % and 65 % smaller than those of 
their WT parental strains, respectively (Polle 
et al.  2003 ; Kirst et al.  2012 ). The H 2 -
production performance of the  tla1  mutant 
under different light intensities was investi-
gated using sulfur-deprived, alginate-immo-
bilized cultures and was demonstrated to 
be higher than that of its wild-type parental 
strain under high illumination, as predicted 
(Kosourov et al.  2011 ). Using  Synechocystis  
6803, three truncated antenna mutants, 
ΔapcE, Olive and PAL, have also been 
recently generated and demonstrated to have 
a higher PSII/PSI ratio, increased rates of 

LEF, lower rates of CEF in the PAL mutant, 
and considerably faster growth rates (Bernat 
et al.  2009 ). Although not yet tested for H 2  
photoproduction, these mutants have the 
potential to produce H 2  at much higher rates 
than their respective parent strain. 

 Antenna truncation results in increased 
light utilization at high light intensities when 
compared to wild-type strains and, based on 
the results of Kosourov et al. ( 2011 ) it also 
leads to a change in the light intensity 
response curve for H 2  production. Previous 
reports (Laurinavichene et al.  2004 ) demon-
strated that the maximum rates and yields of 
H 2  production by sulfur-deprived cultures 
of  C. reinhardtii  in suspension were achieved 
under about 30 µE m −2  s −1 , decreasing sig-
nifi cantly at higher light intensities. However, 
Kosourov et al. ( 2011 ) show that the maxi-
mum rates of H 2  photoproduction in the 
TLA1 mutant actually occurred under 
300 µE m −2  s −1 , while those of the wild-type 
strain peak at about 180 µE m −2  s −1 . Clearly, 
cell immobilization is responsible for shift-
ing the peak rates to higher light intensities. 
It will be interesting to measure the effect of 
more signifi cant antenna truncations, such as 
the  tla2  on the light response curve as well.      

  Acknowledgements 

 The authors acknowledge fi nancial support 
from DOE’s Offi ce of Science’s Basic Energy 
Sciences (MLG, PWK, DWM) and Biological 
Environmental Research Programs (MLG, 
AD), EERE’s Fuel Cells Technology Offi ce 
(MLG, PWK, PCM, JY), and ARPA-E (PCM, 
JY, CE). We are grateful for technical assis-
tance from Dr. Damian Carrieri, Tameron 
Baldwin, and Lynn Westdal.  

   References 

    Adams MWW (1990) The structure and mecha-
nism of iron-hydrogenases. Biochim Biophys 
Acta 1020:115–145  

    Adams MWW, Mortenson LE, Chen JS (1980) 
Hydrogenase. Biochim Biophys Acta 594:105–176  

5 Photosynthetic and Photobiohybrid Processes



122

    Agapakis CM, Ducat DC, Boyle PM, Wintermute 
EH, Way JC, Silver PA (2010) Insulation of a syn-
thetic hydrogen metabolism circuit in bacteria. J 
Biol Eng 4:3  

    Ai X, Xu Q, Jones M, Song Q, Ding SY, Ellingson RJ, 
Himmel M, Rumbles G (2007) Photophysics of 
(CdSe) ZnS Colloidal quantum dots in an aqueous 
environment stabilized with amino acids and genet-
ically-modifi ed proteins. Photochem Photobiol Sci 
6:1027–1033  

    Akhtar MK, Jones PR (2008) Engineering of a syn-
thetic hydF-hydE-hydG-hydA operon for biohydro-
gen production. Anal Biochem 373:170–172  

    Akhtar MK, Jones PR (2009) Construction of a synthetic 
YdbK-dependent pyruvate:H 2  pathway in  Escherichia 
coli  BL21(DE3). Metab Eng 11:139–147  

    Allakhverdiev SI, Kreslavski VD, Thavasi V, 
Zharmukhamedov SK, Klimov VV, Nagata T, 
Nishihara H, Ramakrishna S (2009) Hydrogen pho-
toproduction by use of photosynthetic organisms 
and biomimetic systems. Photochem Photobiol Sci 
8:148–156  

    Allen JF (1992) Protein phosphorylation in regulation of 
photosynthesis. Biochim Biophys Acta 1098:275–335  

    Allen JF (2003) Cyclic, pseudocyclic and noncyclic 
photophosphorylation: new links in the chain. 
Trends Plant Sci 8:15–19  

       Alonso-Lomillo MA, Rudiger O, Maroto-Valiente A, 
Velez M, Rodriguez-Ramos I, Munoz FJ, Fernandez 
VM, De Lacey AL (2007) Hydrogenase-coated car-
bon nanotubes for effi cient H 2  oxidation. Nano Lett 
7:1603–1608  

     Alric J (2010) Cyclic electron fl ow around photosys-
tem I in unicellular green algae. Photosynth Res 
106:47–56  

    Amirav L, Alivisatos AP (2010) Photocatalytic hydro-
gen production with tunable nanorod heterostruc-
tures. J Phys Chem Lett 1:1051–1054  

      Antal TK, Oliveira P, Lindblad P (2006) The bidirectional 
hydrogenase in the cyanobacterium  Synechocystis  sp. 
strain PCC 6803. Int J Hydrog Energy 31:1439–1444  

      Appel J, Schulz R (1996) Sequence analysis of an 
operon of a NAD(P)-reducing nickel hydrogenase 
from the cyanobacterium  Synechocystis  sp. PCC 
6803 gives additional evidence for direct coupling 
of the enzyme to NAD(P)H-dehydrogenase (com-
plex I). Biochim Biophys Acta 1298:141–147  

    Appel J, Phunpruch S, Steinmuller K, Schulz R (2000) 
The bidirectional hydrogenase of  Synechocystis  sp. 
PCC 6803 works as an electron valve during photo-
synthesis. Arch Microbiol 173:333–338  

    Armstrong FA, Hirst J (2011) Reversibility and 
 effi ciency in electrocatalytic energy conversion and 
 lessons from enzymes. Proc Natl Acad Sci U S A 
108:14049–14054  

    Armstrong FA, Heering HA, Hirst J (1997) Reactions 
of complex metalloproteins studied by protein-fi lm 
voltammetry. Chem Soc Rev 26:169–179  

    Armstrong FA, Belsey NA, Cracknell JA, Goldet G, 
Parkin A, Reisner E, Vincent KA, Wait AF (2009) 
Dynamic electrochemical investigations of hydro-
gen oxidation and production by enzymes and 
implications for future technology. Chem Soc Rev 
38:36–51  

    Asada Y, Koike Y, Schnackenberg J, Miyake M, 
Uemura I, Miyake J (2000) Heterologous expres-
sion of clostridial hydrogenase in the cyanobacte-
rium  Synechococcus  PCC7942. Biochim Biophys 
Acta 1490:269–278  

    Axelsson R, Lindblad P (2002) Transcriptional regu-
lation of  Nostoc  hydrogenases: effects of oxygen, 
hydrogen, and nickel. Appl Environ Microbiol 
68:444–447  

    Badia A, Lennox RB, Reven L (2000) A dynamic 
view of self-assembled monolayers. Acc Chem Res 
33:475–481  

    Badura A, Guschin D, Esper B, Kothe T, Neugebauer S, 
Schuhmann W, Rögner M (2008) Photo-induced elec-
tron transfer between photosystem II via cross-linked 
redox hydrogels. Electroanalysis 20:1043–1047  

    Bae B, Kho BK, Lim TH, Oh IH, Hong SA, Ha HY 
(2006) Performance evaluation of passive DMFC 
single cells. J Power Sources 158:1256–1261  

    Bae S, Shim E, Yoon J, Joo H (2008) Photoanodic and 
cathodic role of anodized tubular titania in light-
sensitized enzymatic hydrogen production. J Power 
Sources 185:439–444  

    Baebprasert W, Lindblad P, Incharoensakdi A (2010) 
Response of H 2  production and Hox-hydrogenase 
activity to external factors in the unicellular cyano-
bacterium  Synechocystis  sp. strain PCC 6803. Int J 
Hydrog Energy 35:6611–6616  

    Baffert C, Bertini L, Lautier T, Greco C, Sybirna K, 
Ezanno P, Etienne E, Soucaille P, Bertrand P, Bottin 
H, Meynial-Salles I, De Gioia L, Leger C (2011) CO 
disrupts the reduced H-Cluster of FeFe hydrogenase. 
A combined DFT and protein fi lm voltammetry 
study. J Am Chem Soc 133:2096–2099  

    Baltazar CSA, Marques MC, Soares CM, DeLacey 
AM, Pereira IAC, Matias PM (2011) Nickel-iron-
selenium hydrogenases – an overview. Eur J Inorg 
Chem 2011:948–962  

    Bandyopadhyay A, Stockel J, Min H, Sherman LA, 
Pakrasi HB (2010) High rates of photobiological H 2  
production by a cyanobacterium under aerobic con-
ditions. Nat Commun 1:139  

    Barstow B, Agapakis CM, Boyle PM, Grandl G, Silver 
PA, Wintermute EH (2011) A synthetic system 
links [FeFe]-hydrogenases to essential  E. coli  sulfur 
metabolism. J Biol Eng 5:7  

Maria L. Ghirardi et al.



123

    Battchikova N, Wei L, Du L, Bersanini L, Aro EM, 
Ma W (2011) Identifi cation of novel Ssl0352 pro-
tein (NdhS), essential for effi cient operation of 
cyclic electron transport around photosystem I, in 
NADPH: plastoquinone oxidoreductase (NDH-1) 
complexes of  Synechocystis  sp. PCC 6803. J Biol 
Chem 286:36992–37001  

    Benemann J (1989) The future of microalgal biotech-
nology. In: Cresswell RC, Rees TAV, Shah N (eds) 
Algal and cyanobacterial biotechnology. Longman 
Scientifi c and Technical, Harlow, pp 317–337  

    Bennett B, Lemon BJ, Peters JW (2000) Reversible 
carbon monoxide binding and inhibition at the 
active site of the Fe-only hydrogenase. Biochemistry 
39:7455–7460  

      Bernat G, Waschewski N, Rogner M (2009) Towards 
effi cient hydrogen production: the impact of antenna 
size and external factors on electron transport 
dynamics in  Synechocystis  PCC 6803. Photosynth 
Res 99:205–216  

    Berto P, D’Adamo S, Bergantino E, Vallese F, 
Giacometti GM, Costantini P (2011) The cyano-
bacterium  Synechocystis  sp. PCC 6803 is able to 
express an active [FeFe] -hydrogenase without 
additional maturation proteins. Biochem Biophys 
Res Commun 405:678–683  

    Blackburn JL, Svedruzic D, McDonald TJ, Kim YH, 
King PW, Heben MJ (2008) Raman spectroscopy of 
charge transfer interactions between single wall car-
bon nanotubes and [FeFe]-hydrogenase. Dalton 
Trans 40:5454–5461  

    Blankenship RE, Tiede DM, Barber J, Brudvig GW, 
Fleming G, Ghirardi M, Gunner MR, Junge W, 
Kramer DM, Melis A, Moore TA, Moser CC, Nocera 
DG, Nozik AJ, Ort DR, Parson WW, Prince RC, 
Sayre RT (2011) Comparing photosynthetic and 
photovoltaic effi ciencies and recognizing the poten-
tial for improvement. Science 332:805–809  

    Blokesch M, Bock A (2002) Maturation of [NiFe]-
hydrogenases in  Escherichia coli : the HypC cycle. 
J Mol Biol 324:287–296  

     Bock A, King PW, Blokesch M, Posewitz MC (2006) 
Maturation of hydrogenases. Adv Microb Physiol 
51:1–71  

      Boison G, Schmitz O, Schmitz B, Bothe H (1998) 
Unusual gene arrangement of the bidirectional 
hydrogenase and functional analysis of its diapho-
rase subunit HoxU in respiration of the unicellular 
cyanobacterium  Anacystis nidulans . Curr Microbiol 
36:253–258  

    Boison G, Bothe H, Hansel A, Lindblad P (1999) 
Evidence against a common use of the diaphorase 
subunits by the bidirectional hydrogenase and by the 
respiratory complex I in cyanobacteria. FEMS 
Microbiol Lett 174:159–165  

    Boison G, Bothe H, Schmitz O (2000) Transcriptional 
analysis of hydrogenase genes in the cyanobacteria 
 Anacystis nidulans  and  Anabaena variabilis  moni-
tored by RT-PCR. Curr Microbiol 40:315–321  

    Bolton JR, Strickler SJ, Connolly JS (1985) Limiting 
and realizable effi ciencies of solar photolysis of 
water. Nature 316:495–500  

       Bothe H, Schmitz O, Yates MG, Newton WE (2011) 
Nitrogenases and hydrogenases in cyanobacteria. 
In: Peschek GA, Obinger C, Renger G (eds) 
Bioenergetic processes of cyanobacteria. Springer 
Science Publishing, pp 137–157  

     Brand JJ, Wright JN, Lien S (1989) Hydrogen-
production by eukaryotic algae. Biotechnol Bioeng 
33:1482–1488  

    Brazzolotto X, Rubach JK, Gaillard J, Gambarelli S, 
Atta M, Fontecave M (2006) The [Fe-Fe]-
hydrogenase maturation protein HydF from 
 Thermotoga maritima  is a GTPase with an iron-
sulfur cluster. J Biol Chem 281:769–774  

       Brown KA, Dayal S, Xin A, Rumbles G, King PW 
(2010) Controlled assembly of hydrogenase-CdTe 
nanocrystal hybrids for solar hydrogen production. 
J Am Chem Soc 132:9672–9680  

       Brown KA, Wilker MB, Boehm M, Dukovic G, King 
PW (2012) Characterization of photochemical 
processes for H 2  production by CdS nanorod- 
[FeFe]-hydrogenase complexes. J Am Chem Soc 
134:5627–5636  

    Bruce BD (2000) Chloroplast transit peptides: 
structure, function and evolution. Trends Cell 
Biol 10:440–447  

    Buhrke T, Bleijlevens B, Albracht SPJ, Friedrich B 
(2001) Involvement of hyp gene products in matura-
tion of the H 2 -sensing [NiFe] hydrogenase of 
 Ralstonia eutropha . J Bacteriol 183:7087–7093  

     Burgdorf T, Lenz O, Buhrke T, van der Linden E, 
Jones AK, Albracht SP, Friedrich B (2005) [NiFe]-
hydrogenases of  Ralstonia eutropha  H16: modu-
lar enzymes for oxygen-tolerant biological 
hydrogen oxidation. J Mol Microbiol Biotechnol 
10:181–196  

    Cardol P, Alric J, Girard-Bascou J, Franck F, Wollman 
FA, Finazzi G (2009) Impaired respiration discloses 
the physiological signifi cance of state transitions 
in  Chlamydomonas . Proc Natl Acad Sci U S A 
106:15979–15984  

    Carrieri D, Wawrousek K, Eckert C, Yu J, Maness PC 
(2011) The role of the bidirectional hydrogenase in 
cyanobacteria. Bioresour Technol 102:8368–8377  

    Cendron L, Berto P, D’Adamo S, Vallese F, Govoni C, 
Posewitz MC, Giacometti GM, Costantini P, Zanotti 
G (2011) Crystal structure of HydF scaffold protein 
provides insights into [FeFe]-hydrogenase matura-
tion. J Biol Chem 286:43944–43950  

5 Photosynthetic and Photobiohybrid Processes



124

       Chang CH, King PW, Ghirardi ML, Kim K (2007) 
Atomic resolution modeling of the ferredoxin:[FeFe] 
hydrogenase complex from  Chlamydomonas rein-
hardtii . Biophys J 93:3034–3045  

    Chen XJ, Schnell DJ (1999) Protein import into chlo-
roplasts. Trends Cell Biol 9:222–227  

    Chen Z, Lemon BJ, Huang S, Swartz DJ, Peters JW, 
Bagley KA (2002) Infrared studies of the 
CO-inhibited form of the Fe-only hydrogenase from 
 Clostridium pasteurianum  I: examination of its light 
sensitivity at cryogenic temperatures. Biochemistry 
41:2036–2043  

    Chen XB, Shen SH, Guo LJ, Mao SS (2010) 
Semiconductor-based photocatalytic hydrogen gen-
eration. Chem Rev 110:6503–6570  

     Chung KCC, Zamble DB (2011) Protein interactions 
and localization of the  Escherichia coli  accessory 
protein HypA during nickel insertion to [NiFe] 
hydrogenase. J Biol Chem 286:43081–43090  

     Cohen J, Kim K, King P, Seibert M, Schulten K 
(2005a) Finding gas diffusion pathways in pro-
teins: application to O 2  and H 2  transport in CpI 
[FeFe]-hydrogenase and the role of packing 
defects. Structure 13:1321–1329  

    Cohen J, Kim K, Posewitz M, Ghirardi ML, Schulten 
K, Seibert M, King P (2005b) Molecular dynam-
ics and experimental investigation of H 2  and O 2  
diffusion in [Fe]-hydrogenase. Biochem Soc 
Trans 33:80–82  

    Cornish AJ, Gartner K, Yang H, Peters JW, Hegg EL 
(2011) Mechanism of proton transfer in [FeFe]-
hydrogenase from  Clostridium pasteurianum . J Biol 
Chem 286:38341–38347  

        Cournac L, Mus F, Bernard L, Guedeney G, Vignais 
P, Peltier G (2002) Limiting steps of hydrogen 
production in  Chlamydomonas reinhardtii  and 
 Synechocystis  PCC 6803 as analysed by light-
induced gas exchange transients. Int J Hydrog 
Energy 27:1229–1237  

       Cournac L, Guedeney G, Peltier G, Vignais PM (2004) 
Sustained photoevolution of molecular hydrogen in 
a mutant of  Synechocystis  sp. strain PCC 6803 defi -
cient in the type I NADPH-dehydrogenase complex. 
J Bacteriol 186:1737–1746  

    Cracknell JA, Vincent KA, Armstrong FA (2008) 
Enzymes as working or inspirational electrocata-
lysts for fuel cells and electrolysis. Chem Rev 
108:2439–2461  

    Cuendet P, Rao KK, Grätzel M, Hall DO (1986) Light 
induced H 2  evolution in a hydrogenase-TiO 2  particle 
system by direct electron transfer or via rhodium 
complexes. Biochimie 68:217–221  

     Czech I, Silakov A, Lubitz W, Happe T (2010) The 
[FeFe]-hydrogenase maturase HydF from  Clostridium 

acetobutylicum  contains a CO and CN- ligated iron 
cofactor. FEBS Lett 584:638–642  

    Czech I, Stripp S, Sanganas O, Leidel N, Happe T, 
Haumann M (2011) The [FeFe]-hydrogenase matu-
ration protein HydF contains a H-cluster like 
[4Fe4S]-2Fe site. FEBS Lett 585:225–230  

    DalCorso G, Pesaresi P, Masiero S, Aseeva E, 
Schunemann D, Finazzi G, Joliot P, Barbato R, 
Leister D (2008) A complex containing PGRL1 
and PGR5 is involved in the switch between linear 
and cyclic electron fl ow in  Arabidopsis . Cell 
132:273–285  

    Desplats C, Mus F, Cuine S, Billon E, Cournac L, 
Peltier G (2009) Characterization of Nda2, a plasto-
quinone-reducing type II NAD(P)H dehydrogenase 
in  Chlamydomonas  chloroplasts. J Biol Chem 
284:4148–4157  

    Devine E, Holmqvist M, Stensjo K, Lindblad P (2009) 
Diversity and transcription of proteases involved in 
the maturation of hydrogenases in  Nostoc puncti-
forme  ATCC 29133 and  Nostoc  sp. strain PCC 7120. 
BMC Microbiol 9:53  

     Driesener RC, Challand MR, McGlynn SE, Shepard 
EM, Boyd ES, Broderick JB, Peters JW, Roach PL 
(2010) [FeFe]-hydrogenase cyanide ligands derived 
from S-adenosylmethionine-dependent cleavage of 
tyrosine. Angew Chem Int Ed Engl 49:1687–1690  

     Ducat DC, Sachdeva G, Silver PA (2011) Rewiring 
hydrogenase-dependent redox circuits in cyanobac-
teria. Proc Natl Acad Sci U S A 108:3941–3946  

    Dukovic G, Merkle MG, Nelson JH, Hughes SM, 
Alivisatos AP (2008) Photodeposition of Pt on col-
loidal CdS and CdSe/CdS semiconductor nano-
structures. Adv Mater 20:4306–4311  

        Dutheil J, Saenkham P, Sakr S, Leplat C, Ortega-
Ramos M, Bottin H, Cournac L, Cassier-Chauvat C, 
Chauvat F (2012) Advances in the regulation of 
hydrogen production in  Synechocystis  PCC6803: 
the AbrB2 auto-repressor (sll0822), expressed from 
an atypical promoter, represses the hydrogenase 
operon. J Bacteriol 194:5423–5433  

    Eberhard S, Finazzi G, Wollman FA (2008) The 
dynamics of photosynthesis. Annu Rev Genet 
42:463–515  

    Eckert C, Boehm M, Carrieri D, Yu J, Dubini A, Nixon 
PJ, Maness PC (2012a) Genetic analysis of the Hox 
hydrogenase in the cyanobacterium  Synechocystis  
sp. PCC 6803 reveals subunit roles in association, 
assembly, maturation, and function. J Biol Chem 
287:43502–43515  

    Eckert C, Dubini A, Yu J, King P, Ghirardi ML, 
Seibert M, Maness PC (2012b) Hydrogenase genes 
and enzymes involved in solar hydrogen produc-
tion. In: Levin DB, Azbar N (eds) State of the art 

Maria L. Ghirardi et al.



125

and progress in production of biohydrogen, vol 1. 
Bentham Science Publisher, Sarjah, UAE, pp 8–24  

    Elrad D, Niyogi KK, Grossman AR (2002) A major 
light-harvesting polypeptide of photosystem II func-
tions in thermal dissipation. Plant Cell 14:1801–1816  

    English CM, Eckert CA, Brown KA, Seibert M, King 
PW (2009) Recombinant and in vitro expression 
systems for hydrogenases: new frontiers in basic and 
applied studies for biological and synthetic H 2  pro-
duction. Dalton Trans 45:9970–9978  

    Erbes DL, King D, Gibbs M (1978) Effect of carbon 
monoxide and oxygen on hydrogen activation by 
hydrogenase from  Chlamydomonas reinhardtii . 
Plant Physiol 61:23  

    Erbes DL, King D, Gibbs M (1979) Inactivation of 
hydrogenase in cell-free extracts and whole cells of 
 Chlamydomonas reinhardtii  by oxygen. Plant 
Physiol 63:1138–1142  

    Erdem OF, Schwartz L, Stein M, Silakov A, Kaur-
Ghumaan S, Huang P, Ott S, Reijerse EJ, Lubitz W 
(2011) A model of the [FeFe] hydrogenase active 
site with a biologically relevant azadithiolate bridge: 
a spectroscopic and theoretical investigation. Angew 
Chem Int Ed Engl 50:1439–1443  

    Eroglu E, Melis A (2011) Photobiological hydrogen 
production: recent advances and state of the art. 
Bioresour Technol 102:8403–8413  

    Esper B, Badura A, Rogner M (2006) Photosynthesis 
as a power supply for biohydrogen production. 
Trends Plant Sci 11:543–549  

    Ferreira D, Leitao E, Sjoholm J, Oliveira P, Lindblad P, 
Moradas-Ferreira P, Tamagnini P (2007) Transcription 
and regulation of the hydrogenase(s) accessory genes, 
hypFCDEAB, in the cyanobacterium  Lyngbya majus-
cula  CCAP 1446/4. Arch Microbiol 188:609–617  

     Finazzi G, Furia A, Barbagallo RP, Forti G (1999) State 
transitions, cyclic and linear electron transport and 
photophosphorylation in  Chlamydomonas rein-
hardtii . Biochim Biophys Acta 1413:117–129  

    Fischer N, Setif P, Rochaix JD (1999) Site-directed 
mutagenesis of the PsaC subunit of photosystem I. 
F(b) is the cluster interacting with soluble ferre-
doxin. J Biol Chem 274:23333–23340  

    Fitzgerald MP, Rogers LJ, Rao KK, Hall DO (1980) 
Effi ciency of ferredoxins and fl avodoxins as media-
tors in systems for hydrogen evolution. Biochem J 
192:665–672  

     Florin L, Tsokoglou A, Happe T (2001) A novel type of 
iron hydrogenase in the green alga  Scenedesmus 
obliquus  is linked to the photosynthetic electron 
transport chain. J Biol Chem 276:6125–6132  

     Flynn T, Ghirardi ML, Seibert M (2002) Accumulation of 
O 2 -tolerant phenotypes in H 2 -producing strains of 
 Chlamydomonas reinhardtii  by sequential applications 

of chemical mutagenesis and selection. Int J Hydrog 
Energy 27:1421–1430  

    Fontecilla-Camps JC, Volbeda A, Cavazza C, Nicolet Y 
(2007) Structure/function relationships of [NiFe]- and 
[FeFe]-hydrogenases. Chem Rev 107:4273–4303  

     Forestier M, King P, Zhang L, Posewitz M, Schwarzer S, 
Happe T, Ghirardi ML, Seibert M (2003) Expression 
of two [Fe]-hydrogenases in  Chlamydomonas rein-
hardtii  under anaerobic conditions. Eur J Biochem 
270:2750–2758  

    Forti G, Furia A, Bombelli P, Finazzi G (2003) In vivo 
changes of the oxidation-reduction state of NADP 
and of the ATP/ADP cellular ratio linked to the pho-
tosynthetic activity in  Chlamydomonas reinhardtii . 
Plant Physiol 132:1464–1474  

      Fouchard S, Hemschemeier A, Caruana A, Pruvost J, 
Legrand J, Happe T, Peltier G, Cournac L (2005) 
Autotrophic and mixotrophic hydrogen photopro-
duction in sulfur-deprived  Chlamydomonas  cells. 
Appl Environ Microbiol 71:6199–6205  

    Fritsch J, Loscher S, Sanganas O, Siebert E, Zebger I, 
Stein M, Ludwig M, De Lacey AL, Dau H, Friedrich 
B, Lenz O, Haumann M (2011) [NiFe] and [FeS] 
cofactors in the membrane-bound hydrogenase of 
 Ralstonia eutropha  investigated by X-ray absorption 
spectroscopy: insights into O 2 -tolerant H 2  cleavage. 
Biochemistry 50:5858–5869  

    Galvan IF, Volbeda A, Fontecilla-Camps JC, Field MJ 
(2008) A QM/MM study of proton transport path-
ways in a [NiFe] hydrogenase. Proteins Struct Funct 
Bioinform 73:195–203  

    Gaponik N, Talapin DV, Rogach AL, Hoppe K, 
Shevchenko EV, Kornowski A, Eychmuller A, 
Weller H (2002) Thiol-capping of CdTe nanocrys-
tals: an alternative to organometallic synthetic 
routes. J Phys Chem B 106:7177–7185  

     Garcia-Sanchez MI, Gotor C, Jacquot JP, Stein M, 
Suzuki A, Vega JM (1997) Critical residues of 
 Chlamydomonas reinhardtii  ferredoxin for inter-
action with nitrite reductase and glutamate syn-
thase revealed by site-directed mutagenesis. Eur J 
Biochem 250:364–368  

       Germer F, Zebger I, Saggu M, Lendzian F, Schulz R, 
Appel J (2009) Overexpression, isolation, and 
spectroscopic characterization of the bidirectional 
[NiFe] hydrogenase from  Synechocystis  sp. PCC 6803. 
J Biol Chem 284:36462–36472  

    Gfeller RP, Gibbs M (1984) Fermentative metabolism 
of  Chlamydomonas reinhardtii : I. analysis of fer-
mentative products from starch in dark and light. 
Plant Physiol 75:212–218  

    Ghirardi ML, Togasaki R, Seibert M (1997) Oxygen 
sensitivity of algal H 2 -production. Appl Biochem 
Biotechnol 63–65:141–151  

5 Photosynthetic and Photobiohybrid Processes



126

    Ghirardi ML, Posewitz MC, Maness PC, Dubini A, Yu 
J, Seibert M (2007) Hydrogenases and hydrogen 
photoproduction in oxygenic photosynthetic organ-
isms. Annu Rev Plant Biol 58:71–91  

       Ghirardi ML, Dubini A, Yu J, Maness PC (2009) 
Photobiological hydrogen-producing systems. 
Chem Soc Rev 38:52–61  

     Ghysels B, Franck F (2010) Hydrogen photo-evolu-
tion upon S deprivation stepwise: an illustration of 
microalgal photosynthetic and metabolic fl exibility 
and a step stone for future biotechnological meth-
ods of renewable H 2  production. Photosynth Res 
106:145–154  

    Gillez-Gonzalez MA, Gonzalez G, Perutz MF, Kiger 
L, Marden MC, Poyart C (1994) Heme-based sen-
sors, exemplifi ed by the kinase fi xL, are a new class 
of heme protein with distinctive ligand binding and 
autoxidation. Biochemistry 33:8067–8073  

    Godman JE, Molnar A, Baulcombe DC, Balk J (2010) 
RNA silencing of hydrogenase(-like) genes and 
investigation of their physiological roles in the 
green alga  Chlamydomonas reinhardtii . Biochem J 
431:345–351  

     Goldet G, Brandmayr C, Stripp ST, Happe T, Cavazza 
C, Fontecilla-Camps JC, Armstrong FA (2009) 
Electrochemical kinetic investigations of the reac-
tions of [FeFe]-hydrogenases with carbon monoxide 
and oxygen: comparing the importance of gas tun-
nels and active-site electronic/redox effects. J Am 
Chem Soc 131:14979–14989  

    Greene BL, Joseph CA, Maroney MJ, Dyer RB (2012) 
Direct evidence of active-site reduction and photo-
driven catalysis in sensitized hydrogenase assem-
blies. J Am Chem Soc 134:11108–11111  

    Gubili J, Borthakur D (1998) Organization of the 
hupDEAB genes within the hydrogenase gene 
cluster of  Anabaena  sp. strain PCC7120. J Appl 
Phycol 10:163–167  

    Guldi DM, Rahman GMA, Zerbetto F, Prato M (2005) 
Carbon nanotubes in electron donor-acceptor nano-
composites. Acc Chem Res 38:871–878  

    Gust D, Moore TA, Moore AL (2000) Mimicking pho-
tosynthetic solar energy transduction. Acc Chem 
Res 34:40–48  

    Gust D, Moore TA, Moore AL (2009) Solar fuels 
via artifi cial photosynthesis. Acc Chem Res 
42:1890–1898  

      Gutekunst K, Phunpruch S, Schwarz C, Schuchardt S, 
Schulz-Friedrich R, Appel J (2005) LexA regulates 
the bidirectional hydrogenase in the cyanobacterium 
 Synechocystis  sp. PCC 6803 as a transcription acti-
vator. Mol Microbiol 58:810–823  

     Gutierrez-Sanchez C, Olea D, Marques M, Fernandez 
VM, Pereira IAC, Velez M, De Lacey AL (2011) 

Oriented immobilization of a membrane-bound 
hydrogenase onto an electrode for direct electron 
transfer. Langmuir 27:6449–6457  

    Gutthann F, Egert M, Marques A, Appel J (2007) 
Inhibition of respiration and nitrate assimilation 
enhances photohydrogen evolution under low oxy-
gen concentrations in  Synechocystis  sp. PCC 6803. 
Biochim Biophys Acta 1767:161–169  

    Hall DO, Adams MWW, Morris P, Rao KK (1980) 
Photolysis of water for H 2  production with the use of 
biological and artifi cial catalysts. Phil Trans R Soc A 
295:473–476  

    Hambourger M, Liddell PA, Gust D, Moore AL, Moore 
TA (2007) Parameters affecting the chemical work 
output of a hybrid photoelectrochemical biofuel 
cell. Photochem Photobiol Sci 6:431–437  

       Hambourger M, Gervaldo M, Svedruzic D, King PW, 
Gust D, Ghirardi M, Moore AL, Moore TA (2008) 
[FeFe]-hydrogenase-catalyzed H 2  production in a 
photoelectrochemical biofuel cell. J Am Chem Soc 
130:2015–2022  

    Hambourger M, Kodis G, Vaughn MD, Moore GF, 
Gust D, Moore AL, Moore TA (2009) Solar energy 
conversion in a photoelectrochemical biofuel cell. 
Dalton Trans 45:9979–9989  

     Happe T, Kaminski A (2002) Differential regulation of 
the Fe-hydrogenase during anaerobic adaptation in 
the green alga  Chlamydomonas reinhardtii . Eur J 
Biochem 269:1022–1032  

    Happe T, Naber JD (1993) Isolation, characterization, 
and N-terminal amino acid sequence of hydrogenase 
from the green alga  Chlamydomonas reinhardtii . 
Eur J Biochem 214:475–481  

    Happe T, Mosler B, Naber JD (1994) Induction, local-
ization, and metal content of hydrogenase in the 
green alga  Chlamydomonas reinhardtii . Eur J 
Biochem 222:769–774  

    Happe RP, Roseboom W, Pierik AJ, Albracht SP, 
Bagley KA (1997) Biological activation of hydro-
gen. Nature 385:126  

    Hase T, Mizutani S, Mukohata Y (1991) Expression of 
maize Ferredoxin cDNA in  Escherichia coli : com-
parison of photosynthetic and nonphotosynthetic 
ferredoxin isoproteins and their chimeric molecule. 
Plant Physiol 97:1395–1401  

    Haumann M, Liebisch P, Muller C, Barra M, Grabolle 
M, Dau H (2005) Photosynthetic O 2  formation 
tracked by time-resolved X-ray experiments. 
Science 310:1019–1021  

    Heinekey DM (2009) Hydrogenase enzymes: recent 
structural studies and active site models. J Organomet 
Chem 694:2671–2680  

     Hemschemeier A, Happe T (2011) Alternative photosyn-
thetic electron transport pathways during anaerobiosis 

Maria L. Ghirardi et al.



127

in the green alga  Chlamydomonas reinhardtii . Biochim 
Biophys Acta 1807:919–926  

    Hiromoto T, Warkentin E, Moll J, Ermler U, Shima S 
(2009) The crystal structure of an [Fe]-hydrogenase-
substrate complex reveals the framework for H 2  acti-
vation. Angew Chem Int Ed Engl 48:6457–6460  

      Hoffmann D, Gutekunst K, Klissenbauer M, Schulz-
Friedrich R, Appel J (2006) Mutagenesis of hydrog-
enase accessory genes of  Synechocystis  sp. PCC 
6803. Additional homologues of hypA and hypB are 
not active in hydrogenase maturation. FEBS J 
273:4516–4527  

    Howitt CA, Vermaas WFJ (1999) Subunits of the 
NAD(P)-reducing nickel-containing hydrogenase do 
not act as part of the type-1 NAD(P)H-dehydrogenase 
in the cyanobacterium  Synechocystis  sp. PCC 6803. 
In: Peschek GA, Löffelhardt W, Schmetterer G (eds) 
The phototrophic prokaryotes. Springer, New York, 
pp 595–601  

    Ihara M, Nakamoto H, Kamachi T, Okura I, Maeda M 
(2006a) Photoinduced hydrogen production by 
direct electron transfer from photosystem I cross-
linked with cytochrome c(3) to NiFe-hydrogenase. 
Photochem Photobiol 82:1677–1685  

     Ihara M, Nishihara H, Yoon KS, Lenz O, Friedrich B, 
Nakamoto H, Kojima K, Honma D, Kamachi T, 
Okura I (2006b) Light-driven hydrogen production 
by a hybrid complex of a NiFe-hydrogenase and the 
cyanobacterial photosystem I. Photochem Photobiol 
82:676–682  

    Iwai M, Takizawa K, Tokutsu R, Okamuro A, Takahashi 
Y, Minagawa J (2010) Isolation of the elusive super-
complex that drives cyclic electron fl ow in photo-
synthesis. Nature 464:1210–1213  

      Jacobs J, Pudollek S, Hemschemeier A, Happe T 
(2009) A novel, anaerobically induced ferredoxin in 
 Chlamydomonas reinhardtii . FEBS Lett 583:
325–329  

     Jacquot JP, Stein M, Suzuki A, Liottet S, Sandoz G, 
Miginiac-Maslow M (1997) Residue Glu-91 of 
 Chlamydomonas reinhardtii  ferredoxin is essen-
tial for electron transfer to ferredoxin-thioredoxin 
reductase. FEBS Lett 400:293–296  

    Jahns P, Holzwarth AR (2012) The role of the xantho-
phyll cycle and of lutein in photoprotection of pho-
tosystem II. Biochim Biophys Acta 1817:182–193  

    James B, Baum G, Perez J, Baum K (2008) 
Technoeconomic boundary analysis of biological 
pathways to hydrogen production. subcontract 
Report NREL/SR-560-46674:235–239  

    Jin RG, Richter S, Zhong R, Lamppa GK (2003) 
Expression and import of an active cellulase from a 
thermophilic bacterium into the chloroplast both in 
vitro and in vivo. Plant Mol Biol 51:493–507  

     Johnson X, Alric J (2012) Interaction between starch 
breakdown, acetate assimilation, and photosynthetic 
cyclic electron fl ow in  Chlamydomonas reinhardtii . 
J Biol Chem 287:26445–26452  

    Joo H, Bae S, Kim C, Kim S, Yoon J (2009) Hydrogen 
evolution in enzymatic photoelectrochemical cell 
using modifi ed seawater electrolytes produced by 
membrane desalination process. Sol Energy Mater 
Solar Cells 93:1555–1561  

    Kaluarachchi H, Zhang JW, Zamble DB (2011) 
 Escherichia coli  SlyD, more than a Ni(II) reservoir. 
Biochemistry 50:10761–10763  

    Kato M, Cardona T, Rutherford AW, Reisner E (2012) 
Photoelectrochemical water oxidation with photo-
system II integrated in a mesoporous indium-tin 
oxide electrode. J Am Chem Soc 134:8332–8335  

    Keegstra K, Cline K (1999) Protein import and routing 
systems of chloroplasts. Plant Cell 11:557–570  

       King PW, Posewitz MC, Ghirardi ML, Seibert M 
(2006) Functional studies of [FeFe] hydrogenase 
maturation in an  Escherichia coli  biosynthetic sys-
tem. J Bacteriol 188:2163–2172  

    Kirilovsky D, Kerfeld CA (2012) The orange carot-
enoid protein in photoprotection of photosys-
tem II in cyanobacteria. Biochim Biophys Acta 
1817:158–166  

    Kirst H, Garcia-Cerdan JG, Zurbriggen A, Melis A 
(2012) Assembly of the light-harvesting chlorophyll 
antenna in the green alga  Chlamydomonas rein-
hardtii  requires expression of the TLA2-CpFTSY 
gene. Plant Physiol 158:930–945  

     Kiss E, Kos PB, Vass I (2009) Transcriptional regu-
lation of the bidirectional hydrogenase in the 
 cyanobacterium  Synechocystis  6803. J Biotechnol 
142:31–37  

    Knorzer P, Silakov A, Foster CE, Armstrong FA, Lubitz 
W, Happe T (2012) Importance of the protein frame-
work for catalytic activity of [FeFe]-hydrogenases. J 
Biol Chem 287:1489–1499  

    Kondo T, Arakawa M, Hirai T, Wakayama T, Hara M, 
Miyake J (2002) Enhancement of hydrogen produc-
tion by a photosynthetic bacterium mutant with 
reduced pigment. J Biosci Bioeng 93:145–150  

    Koprat J, Tottey S, Birkenbihl RP, Depège N, Hiujser 
P, Merchant S (2005) A regulator of nutritional 
copper signaling in  Chlamydomonas  is an SBP 
domain protein that recognizes the GTAC core of 
copper response element. Proc Natl Acad Sci U S 
A 102:18730–18735  

    Kosourov S, Seibert M (2008) Hydrogen photoproduc-
tion by nutrient-deprived  Chlamydomonas rein-
hardtii  cells immobilized within thin alginate fi lms 
under aerobic and anaerobic conditions. Biotechnol 
Bioeng 102:50–58  

5 Photosynthetic and Photobiohybrid Processes



128

      Kosourov S, Seibert M, Ghirardi ML (2003) Effects of 
extracellular pH on the metabolic pathways in sul-
fur-deprived, H 2 -producing  Chlamydomonas rein-
hardtii  cultures. Plant Cell Physiol 44:146–155  

      Kosourov S, Ghirardi ML, Seibert M (2011) A truncated 
antenna mutant of  Chlamydomonas reinhardtii  can 
produce more hydrogen than the parental strain. Int J 
Hydrog Energy 36:2044–2048  

     Krassen H, Schwarze A, Friedrich B, Ataka K, Lenz O, 
Heberle J (2009) Photosynthetic hydrogen produc-
tion by a hybrid complex of photosystem I and 
[NiFe] -hydrogenase. ACS Nano 3:4055–4061  

    Krassen H, Stripp ST, Bohm N, Berkessel A, Happe T, 
Ataka K, Heberle J (2011) Tailor-made modifi ca-
tion of a gold surface for the chemical binding of a 
high-activity [FeFe] hydrogenase. Eur J Inorg Chem 
2011:1138–1146  

    Krishnan S, Armstrong FA (2012) Order-of-magnitude 
enhancement of an enzymatic hydrogen-air fuel cell 
based on pyrenyl carbon nanostructures. Chem Sci 
3:1015–1023  

    Kruse O, Hankamer B (2010) Microalgal hydrogen 
production. Curr Opin Biotechnol 21:238–243  

      Kruse O, Rupprecht J, Bader KP, Thomas-Hall S, 
Schenk PM, Finazzi G, Hankamer B (2005) Improved 
photobiological H 2  production in engineered green 
algal cells. J Biol Chem 280:34170–34177  

    Kuchenreuther JM, Grady-Smith CS, Bingham AS, 
George SJ, Cramer SP, Swartz JR (2010) High-yield 
expression of heterologous [FeFe] hydrogenases in 
 Escherichia coli . PLoS One 5:e15491  

     Kuchenreuther JM, George SJ, Grady-Smith CS, 
Cramer SP, Swartz JR (2011) Cell-free H-cluster syn-
thesis and [FeFe] hydrogenase activation: all fi ve CO 
and CN(-) ligands derive from tyrosine. PLoS One 
6:e20346  

    Kucho K, Okamoto K, Tsuchiya Y, Nomura S, Nango 
M, Kanehisa M, Ishiura M (2005) Global analysis 
of circadian expression in the cyanobacterium 
 Synechocystis  sp. strain PCC 6803. J Bacteriol 
187:2190–2199  

    Laffl y E, Garzoni F, Fontecilla-Camps JC, Cavazza C 
(2010) Maturation and processing of the recombi-
nant FeFe hydrogenase from  Desulfovibrio vulgaris  
Hildenborough (DvH) in  Escherichia coli . Int J 
Hydrog Energy 35:10761–10769  

    Lambertz C, Hemschemeier A, Happe T (2010) 
Anaerobic expression of the ferredoxin-encoding 
FDX5 gene of  Chlamydomonas reinhardtii  is regu-
lated by the Crr1 transcription factor. Eukaryot Cell 
9:1747–1754  

    Lambertz C, Leidel N, Havelius KGV, Noth J, Chernev 
P, Winkler M, Happe T, Haumann M (2011) O 2  reac-
tions at the six-iron active site (H-cluster) in [FeFe]-
hydrogenase. J Biol Chem 286:40614–40623  

    Lambrev PH, Miloslavina Y, Jahns P, Holzwarth AR 
(2012) On the relationship between non-photo-
chemical quenching and photoprotection of pho-
tosystem II. Biochim Biophys Acta 1817:
760–769  

     Laurinavichene T, Tolstygina I, Tsygankov A (2004) 
The effect of light intensity on hydrogen production 
by sulfur-deprived  Chlamydomonas reinhardtii . 
J Biotechnol 114:143–151  

    Lauterbach L, Idris Z, Vincent KA, Lenz O (2011) 
Catalytic properties of the isolated diaphorase frag-
ment of the NAD+-reducing [NiFe]-hydrogenase 
from  Ralstonia eutropha . PLoS One 6:25939  

    Lautier T, Ezanno P, Baffert C, Fourmond V, Cournac 
L, Fontecilla-Camps JC, Soucaille P, Bertrand P, 
Meynial-Salles I, Leger C (2011) The quest for a 
functional substrate access tunnel in [FeFe] hydrog-
enase. Faraday Discuss 148:385–407  

     Lee JW, Greenbaum E (2003) A new oxygen sensi-
tivity and its potential application in photosyn-
thetic H 2  production. Appl Biochem Biotechnol 
105–108:303–313  

    Lee HS, Vermaas WF, Rittmann BE (2010) Biological 
hydrogen production: prospects and challenges. 
Trends Biotechnol 28:262–271  

    Leitao E, Pereira S, Bondoso J, Ferreira D, Pinto F, 
Moradas-Ferreira P, Tamagnini P (2006) Genes 
involved in the maturation of hydrogenase(s) in the 
nonheterocystous cyanobacterium  Lyngbya majuscula  
CCAP 1446/4. Int J Hydrog Energy 31:1469–1477  

    Lemeille S, Turkina MV, Vener AV, Rochaix JD (2010) 
Stt7-dependent phosphorylation during state transi-
tions in the green alga  Chlamydomonas reinhardtii . 
Mol Cell Proteomics 9:1281–1295  

    Lemon BJ, Peters JW (2000) Photochemistry at the 
active site of the carbon monoxide inhibited form of 
the iron-only hydrogenase (CpI). J Am Chem Soc 
122:3793–3794  

    Li Z, Wakao S, Fischer BB, Niyogi KK (2009) Sensing 
and responding to excess light. Annu Rev Plant Biol 
60:239–260  

    Liebgott PP, Dementin S, Leger C, Rousset M (2011) 
Towards engineering O 2 -tolerance in Ni-Fe hydrog-
enases. Energy Environ Sci 4:33–41  

    Lojou E, Luo X, Brugna M, Candoni N, Dementin S, 
Giudici-Orticoni MT (2008) Biocatalysts for fuel 
cells: effi cient hydrogenase orientation for H 2  oxida-
tion at electrodes modifi ed with carbon nanotubes. 
J Biol Inorg Chem 13:1157–1167  

      Long M, Liu J, Chen Z, Bleijlevens B, Roseboom W, 
Albracht SP (2007) Characterization of a 
HoxEFUYH type of [NiFe] hydrogenase from 
 Allochromatium vinosum  and some EPR and IR 
properties of the hydrogenase module. J Biol 
Inorg Chem 12:62–78  

Maria L. Ghirardi et al.



129

      Long H, Chang CH, King PW, Ghirardi ML, Kim K 
(2008) Brownian dynamics and molecular dynam-
ics study of the association between hydrogenase 
and ferredoxin from  Chlamydomonas reinhardtii . 
Biophys J 95:3753–3766  

       Long H, King PW, Ghirardi ML, Kim K (2009) 
Hydrogenase/ferredoxin charge-transfer complexes: 
effect of hydrogenase mutations on the complex 
association. J Phys Chem A 113:4060–4067  

      Lubitz W, Reijerse E, van Gastel M (2007) [NiFe] and 
[FeFe] hydrogenases studied by advanced magnetic 
resonance techniques. Chem Rev 107:4331–4365  

    Lubitz W, Reijerse EJ, Messinger J (2008) Solar 
water-splitting into H 2  and O 2 : design principles of 
photosystem II and hydrogenases. Energy Environ 
Sci 1:15–31  

    Lubner CE, Knorzer P, Silva PJ, Vincent KA, Happe 
T, Bryant DA, Golbeck JH (2010) Wiring an 
[FeFe]-hydrogenase with photosystem I for light-
induced hydrogen production. Biochemistry 49:
10264–10266  

     Lubner CE, Applegate AM, Knorzer P, Ganago A, 
Bryant DA, Happe T, Golbeck JH (2011) Solar 
hydrogen-producing bionanodevice outperforms 
natural photosynthesis. Proc Natl Acad Sci U S A 
108:20988–20991  

    Lutz S, Jacobi A, Schlensog V, Bohm R, Sawers G, 
Bock A (1991) Molecular characterization of an 
operon (hyp) necessary for the activity of the three 
hydrogenase isoenzymes in  Escherichia coli . Mol 
Microbiol 5:123–135  

    Madden C, Vaughn MD, Diez-Perez I, Brown KA, 
King PW, Gust D, Moore AL, Moore TA (2012) 
Catalytic turnover of [FeFe] -hydrogenase based 
on single-molecule imaging. J Am Chem Soc 
134:1577–1582  

    Magalon A, Bock A (2000) Dissection of the matura-
tion reactions of the [NiFe] hydrogenase 3 from 
 Escherichia coli  taking place after nickel incorpora-
tion. FEBS Lett 473:254–258  

     Maier T, Jacobi A, Sauter M, Bock A (1993) The 
product of the hypB gene, which is required for 
nickel incorporation into hydrogenases, is a novel 
guanine nucleotide-binding protein. J Bacteriol 
175:630–635  

    Markov AV, Gusakov AV, Dzedziulia EI, Ustinov BB, 
Antonov AA, Okunev ON, Bekkarevich AO, 
Sinitsyn AP (2006) Properties of hemicellulases of 
the enzyme complex from  Trichoderma longibra-
chiatum . Prikl Biokhim Mikrobiol 42:654–664  

    Maroti J, Farkas A, Nagy IK, Maroti G, Kondorosi E, 
Rakhely G, Kovacs KL (2010) A second soluble 
Hox-type NiFe enzyme completes the hydrogenase 
set in  Thiocapsa roseopersicina  BBS. Appl Environ 
Microbiol 76:5113–5123  

      Massanz C, Schmidt S, Friedrich B (1998) Subforms 
and in vitro reconstitution of the NAD-reducing 
hydrogenase of  Alcaligenes eutrophus . J Bacteriol 
180:1023–1029  

    Matsubara H, Saeki K (1992) Structural and functional 
diversity of ferredoxins and related proteins. Adv 
Inorg Chem 38:223–280  

    Mazor Y, Toporik H, Nelson N (2012) Temperature-
sensitive PSII and promiscuous PSI as a possible 
solution for sustainable photosynthetic hydrogen pro-
duction. Biochim Biophys Acta 1817:1122–1126  

    McDonald TJ, Svedruzic D, Kim YH, Blackburn JL, 
Zhang SB, King PW, Heben MJ (2008) Wiring-up 
hydrogenase with single-walled carbon nanotubes. 
Nano Lett 7:3528–3534  

    McDonald AE, Ivanov AG, Bode R, Maxwell DP, 
Rodermel SR, Huner NP (2011) Flexibility in pho-
tosynthetic electron transport: the physiological role 
of plastoquinol terminal oxidase (PTOX). Biochim 
Biophys Acta 1807:954–967  

     McGlynn SE, Ruebush SS, Naumov A, Nagy LE, 
Dubini A, King PW, Broderick JB, Posewitz MC, 
Peters JW (2007) In vitro activation of [FeFe] 
hydrogenase: new insights into hydrogenase matura-
tion. J Biol Inorg Chem 12:443–447  

    McGlynn SE, Shepard EM, Winslow MA, Naumov AV, 
Duschene KS, Posewitz MC, Broderick WE, 
Broderick JB, Peters JW (2008) HydF as a scaffold 
protein in [FeFe] hydrogenase H-cluster biosynthe-
sis. FEBS Lett 582:2183–2187  

     McIntosh CL, Germer F, Schulz R, Appel J, Jones AK 
(2011) The [NiFe]-hydrogenase of the cyanobacte-
rium  Synechocystis  sp. PCC 6803 works bidirection-
ally with a bias to H 2  production. J Am Chem Soc 
133:11308–11319  

    Melis A, Happe T (2001) Hydrogen production. 
Green algae as a source of energy. Plant Physiol 
127:740–748  

    Melis A, Happe T (2004) Trails of green alga hydrogen 
research – from Hans Gaffron to new frontiers. 
Photosynth Res 80:401–409  

     Melis A, Neidhardt J, Benemann JR (1998)  Dunaliella 
salina  (Chlorophyta) with small chlorophyll antenna 
sizes exhibit higher photosynthetic productivities 
and photon use effi ciencies than normally pig-
mented cells. J Appl Phycol 10:515–525  

     Melis A, Zhang L, Forestier M, Ghirardi ML, Seibert 
M (2000) Sustained photobiological hydrogen gas 
production upon reversible inactivation of oxygen 
evolution in the green alga  Chlamydomonas rein-
hardtii . Plant Physiol 122:127–136  

    Merchant SS, Prochnik SE, Vallon O, Harris EH, 
Karpowicz SJ, Witman GB, Terry A, Salamov A, 
Fritz-Laylin LK, Marechal-Drouard L, Marshall 
WF, Qu LH, Nelson DR, Sanderfoot AA, Spalding 

5 Photosynthetic and Photobiohybrid Processes



130

MH, Kapitonov VV, Ren QH, Ferris P, Lindquist E, 
Shapiro H, Lucas SM, Grimwood J, Schmutz J, 
Cardol P, Cerutti H, Chanfreau G, Chen CL, Cognat 
V, Croft MT, Dent R, Dutcher S, Fernandez E, 
Fukuzawa H, Gonzalez-Ballester D, Gonzalez-
Halphen D, Hallmann A, Hanikenne M, Hippler M, 
Inwood W, Jabbari K, Kalanon M, Kuras R, Lefebvre 
PA, Lemaire SD, Lobanov AV, Lohr M, Manuell A, 
Meir I, Mets L, Mittag M, Mittelmeier T, Moroney 
JV, Moseley J, Napoli C, Nedelcu AM, Niyogi K, 
Novoselov SV, Paulsen IT, Pazour G, Purton S, Ral 
JP, Riano-Pachon DM, Riekhof W, Rymarquis L, 
Schroda M, Stern D, Umen J, Willows R, Wilson N, 
Zimmer SL, Allmer J, Balk J, Bisova K, Chen CJ, 
Elias M, Gendler K, Hauser C, Lamb MR, Ledford 
H, Long JC, Minagawa J, Page MD, Pan JM, 
Pootakham W, Roje S, Rose A, Stahlberg E, Terauchi 
AM, Yang PF, Ball S, Bowler C, Dieckmann CL, 
Gladyshev VN, Green P, Jorgensen R, Mayfi eld S, 
Mueller-Roeber B, Rajamani S, Sayre RT, Brokstein 
P et al (2007) The Chlamydomonas genome reveals 
the evolution of key animal and plant functions. 
Science 318:245–251  

     Meuser JE, D’Adamo S, Jinkerson RE, Mus F, Yang 
WQ, Ghirardi ML, Seibert M, Grossman AR, 
Posewitz MC (2012) Genetic disruption of both 
 Chlamydomonas reinhardtii  [FeFe]-hydrogenases: 
insight into the role of HYDA2 in H 2  production. 
Biochem Biophys Res Commun 417:704–709  

    Montet Y, Amara P, Volbeda A, Vernede X, Hatchikian 
EC, Field MJ, Frey M, Fontecilla-Camps JC (1997) 
Gas access to the active site of [NiFe] hydrogenases 
probed by X-ray crystallography and molecular 
dynamics. Nat Struct Biol 4:523–526  

    Morra S, Valetti F, Sadeghi SJ, King PW, Meyer T, 
Gilardi G (2011) Direct electrochemistry of an 
FeFe -hydrogenase on a TiO 2  electrode. Chem Commun 
(Camb) 47:10566–10568  

    Moulis JM, Davasse V (1995) Probing the role of elec-
trostatic forces in the interaction of  Clostridium pas-
teurianum  ferredoxin with its redox partners. 
Biochemistry 34:16781–16788  

    Mulder DW, Ortillo DO, Gardenghi DJ, Naumov AV, 
Ruebush SS, Szilagyi RK, Huynh B, Broderick JB, 
Peters JW (2009) Activation of HydA(DeltaEFG) 
requires a preformed [4Fe-4S] cluster. Biochemistry 
48:6240–6248  

     Mulder DW, Boyd ES, Sarma R, Lange RK, Endrizzi 
JA, Broderick JB, Peters JW (2010) Stepwise 
[FeFe]-hydrogenase H-cluster assembly revealed in 
the structure of HydA(DeltaEFG). Nature 465:
248–251  

    Mulder DW, Shepard EM, Meuser JE, Joshi N, King 
PW, Posewitz MC, Broderick JB, Peters JW (2011) 

Insights into [FeFe]-hydrogenase structure, mecha-
nism, and maturation. Structure 19:1038–1052  

       Murthy UM, Wecker MS, Posewitz MC, Gilles-
Gonzalez MA, Ghirardi ML (2012) Novel FixL 
homologues in  Chlamydomonas reinhardtii  bind 
heme and O 2 . FEBS Lett 586:4282–4288  

     Mus F, Dubini A, Seibert M, Posewitz MC, Grossman 
AR (2007) Anaerobic acclimation in  Chlamydomonas 
reinhardtii : anoxic gene expression, hydrogenase 
induction, and metabolic pathways. J Biol Chem 
282:25475–25486  

    Nakajima Y, Ueda R (1997) Improvement of photosyn-
thesis in dense microalgal suspension by reduction of 
light harvesting pigments. J Appl Phycol 9:503–510  

    Nakajima Y, Tsuzuki M, Ueda R (2001) Improved 
productivity by reduction of the content of light-
harvesting pigment in  Chlamydomonas perigranu-
lata . J Appl Phycol 13:95–101  

    Navarro RM, Alvarez-Galvan MC, Villoria de la Mano 
JA, Al-Zahrani SM, Fierro JLG (2010) A framework 
for visible-light water splitting. Energy Environ Sci 
3:1865–1882  

    Nicolet Y, Fontecilla-Camps JC (2012) Structure-
function relationships in [FeFe]-hydrogenase active 
site maturation. J Biol Chem 287:13532–13540  

    Nicolet Y, Piras C, Legrand P, Hatchikian CE, 
Fontecilla-Camps JC (1999)  Desulfovibrio desulfu-
ricans  iron hydrogenase: the structure shows 
unusual coordination to an active site Fe binuclear 
center. Structure 7:13–23  

    Nicolet Y, Lemon BJ, Fontecilla-Camps JC, Peters JW 
(2000) A novel FeS cluster in Fe-only hydrogenases. 
Trends Biochem Sci 25:138–143  

    Nicolet Y, de Lacey AL, Vernede X, Fernandez VM, 
Hatchikian EC, Fontecilla-Camps JC (2001) 
Crystallographic and FTIR spectroscopic evidence 
of changes in Fe coordination upon reduction of 
the active site of the Fe-only hydrogenase from 
 Desulfovibrio desulfuricans . J Am Chem Soc 
123:1596–1601  

       Nicolet Y, Rubach JK, Posewitz MC, Amara P, 
Mathevon C, Atta M, Fontecave M, Fontecilla-
Camps JC (2008) X-ray structure of the [FeFe]-
hydrogenase maturase HydE from  Thermotoga 
maritima . J Biol Chem 283:18861–18872  

    Nicolet Y, Amara P, Mouesca JM, Fontecilla-Camps JC 
(2009) Unexpected electron transfer mechanism 
upon AdoMet cleavage in radical SAM proteins. 
Proc Natl Acad Sci U S A 106:14867–14871  

     Nicolet Y, Martin L, Tron C, Fontecilla-Camps JC 
(2010) A glycyl free radical as the precursor in the 
synthesis of carbon monoxide and cyanide by the 
[FeFe]-hydrogenase maturase HydG. FEBS Lett 
584:4197–4202  

Maria L. Ghirardi et al.



131

    Ogata H, Hirota S, Nakahara A, Komori H, Shibata N, 
Kato T, Kano K, Higuchi Y (2005) Activation process 
of [NiFe] hydrogenase elucidated by high-resolution 
X-ray analyses: conversion of the ready to the unready 
state. Structure 13:1635–1642  

     Ogata H, Lubitz W, Higuchi Y (2009) [NiFe] hydroge-
nases: structural and spectroscopic studies of the 
reaction mechanism. Dalton Trans 37:7577–7587  

      Oliveira P, Lindblad P (2005) LexA, a transcription 
regulator binding in the promoter region of the 
bidirectional hydrogenase in the cyanobacterium 
 Synechocystis  sp. PCC 6803. FEMS Microbiol Lett 
251:59–66  

    Oliveira P, Lindblad P (2008) An AbrB-like protein 
regulates the expression of the bidirectional 
hydrogenase in  Synechocystis  sp. strain PCC 6803. 
J Bacteriol 190:1011–1019  

    Oliveira P, Lindblad P (2009) Transcriptional regulation 
of the cyanobacterial bidirectional Hox-hydrogenase. 
Dalton Trans 45:9990–9996  

    Oliveira P, Leitao E, Tamagnini P, Moradas-Ferreira P, 
Oxelfelt F (2004) Characterization and transcrip-
tional analysis of hupSLW in  Gloeothece  sp. ATCC 
27152: an uptake hydrogenase from a unicellular 
cyanobacterium. Microbiology 150:3647–3655  

    Olson JW, Maier RJ (1997) The sequences of hypF, 
hypC and hypD complete the hyp gene cluster 
required for hydrogenase activity in  Bradyrhizobium 
japonicum . Gene 199:93–99  

    Olson JW, Maier RJ (2000) Dual roles of 
 Bradyrhizobium japonicum  nickelin protein in 
nickel storage and GTP-dependent Ni mobiliza-
tion. J Bacteriol 182:1702–1705  

    Onda Y, Matsumura T, Kimata-Ariga Y, Sakakibara H, 
Sugiyama T, Hase T (2000) Differential interaction 
of maize root ferredoxin:NADP(+) oxidoreductase 
with photosynthetic and non-photosynthetic ferre-
doxin isoproteins. Plant Physiol 123:1037–1045  

    Ort DR, Melis A (2011) Optimizing antenna size to 
maximize photosynthetic effi ciency. Plant Physiol 
155:79–85  

    Palagyi-Meszaros LS, Maroti J, Latinovics D, Balogh 
T, Klement E, Medzihradszky KF, Rakhely G, 
Kovacs KL (2009) Electron-transfer subunits of the 
[NiFe] hydrogenases in  Thiocapsa roseopersicina  
BBS. FEBS J 276:164–174  

    Pandelia ME, Ogata H, Lubitz W (2010) 
Intermediates in the catalytic cycle of [NiFe] 
hydrogenase: functional spectroscopy of the active 
site. ChemPhysChem 11:1127–1140  

    Pandelia ME, Nitschke W, Infossi P, Giudici-Orticoni 
MT, Bill E, Lubitz W (2011) Characterization of a 
unique [FeS] cluster in the electron transfer chain 
of the oxygen tolerant [NiFe] hydrogenase from 

 Aquifex aeolicus . Proc Natl Acad Sci U S A 
108:6097–6102  

    Pandey AS, Harris TV, Giles LJ, Peters JW, Szilagyi RK 
(2008) Dithiomethylether as a ligand in the hydroge-
nase H-cluster. J Am Chem Soc 130:4533–4540  

    Papageorgiou GC, Tsimilli-Michael M, Stamatakis 
K (2007) The fast and slow kinetics of chloro-
phyll a fl uorescence induction in plants, algae 
and cyanobacteria: a viewpoint. Photosynth Res 
94:275–290  

     Pape M, Lambertz C, Happe T, Hemschemeier A 
(2012) Differential expression of the  Chlamydomonas  
[FeFe]-hydrogenase-encoding HYDA1 gene Is regu-
lated by the copper response regulator 1. Plant 
Physiol 159:1700–1712  

    Park HG, Holt JK (2010) Recent advances in nano-
electrode architecture for photochemical hydrogen 
production. Energy Environ Sci 3:1028–1036  

    Paschos A, Class RS, Bock A (2001) Carbamoyl phos-
phate requirement for synthesis of the active center 
of [NiFe]-hydrogenases. FEBS Lett 488:9–12  

    Pedroni P, Mura GM, Galli G, Pratesi C, Serbolisca L, 
Grandi G (1996) The hydrogenase from the hyper-
thermophilic archaeon  Pyrococcus furiosus : from 
basic research to possible future applications. Int J 
Hydrog Energy 21:853–858  

    Peng XG (2010) Band gap and composition engineer-
ing on a nanocrystal (BCEN) in solution. Acc Chem 
Res 43:1387–1395  

    Peters JW (1999) Structure and mechanism of iron-only 
hydrogenases. Curr Opin Struct Biol 9:670–676  

     Peters JW, Broderick JB (2012) Emerging paradigms 
for complex iron-sulfur cofactor assembly and 
insertion. Annu Rev Biochem 81:429–450  

     Peters JW, Lanzilotta WN, Lemon BJ, Seefeldt LC 
(1998) X-ray crystal structure of the Fe-only hydrog-
enase (CpI) from  Clostridium pasteurianum  to 1.8 
angstrom resolution. Science 282:1853–1858  

    Petroutsos D, Terauchi AM, Busch A, Hirschmann I, 
Merchant SS, Finazzi G, Hippler M (2009) PGRL1 
Participates in iron-induced remodeling of the 
photosynthetic apparatus and in energy metabo-
lism in  Chlamydomonas reinhardtii . J Biol Chem 
284:32770–32781  

    Philipps G, Happe T, Hemschemeier A (2012) 
Nitrogen deprivation results in photosynthetic 
hydrogen production in  Chlamydomonas rein-
hardtii . Planta 235:729–745  

    Pierik AJ, Hagen WR, Redeker JS, Wolbert RB, Boersma 
M, Verhagen MF, Grande HJ, Veeger C, Mutsaers PH, 
Sands RH et al (1992) Redox properties of the iron-
sulfur clusters in activated Fe-hydrogenase from 
 Desulfovibrio vulgaris  (Hildenborough). Eur J 
Biochem 209:63–72  

5 Photosynthetic and Photobiohybrid Processes



132

      Pilet E, Nicolet Y, Mathevon C, Douki T, Fontecilla-
Camps JC, Fontecave M (2009) The role of the mat-
urase HydG in [FeFe]-hydrogenase active site 
synthesis and assembly. FEBS Lett 583:506–511  

    Pinto F, van Elburg KA, Pacheco CC, Lopo M, Noirel 
J, Montagud A, Urchueguia JF, Wright PC, 
Tamagnini P (2012) Construction of a chassis for 
hydrogen production: physiological and molecular 
characterization of a  Synechocystis  sp. PCC 6803 
mutant lacking a functional bidirectional hydroge-
nase. Microbiology 158:448–464  

    Polle JEW, Kanakagiri SD, Melis A (2003) tla1, a 
DNA insertional transformant of the green alga 
 Chlamydomonas reinhardtii  with a truncated 
light-harvesting chlorophyll antenna size. Planta 
217:49–59  

    Posewitz MC, King PW, Smolinski SL, Zhang L, Seibert 
M, Ghirardi ML (2004a) Discovery of two novel radi-
cal S-adenosylmethionine proteins required for the 
assembly of an active [Fe] hydrogenase. J Biol Chem 
279:25711–25720  

     Posewitz MC, Smolinski SL, Kanakagiri S, Melis A, 
Seibert M, Ghirardi ML (2004b) Hydrogen photo-
production is attenuated by disruption of an isoamy-
lase gene in  Chlamydomonas reinhardtii . Plant Cell 
16:2151–2163  

    Posewitz MC, Dubini A, Meuser JE, Seibert M, Ghirardi 
ML (2008) Hydrogenases, hydrogen  production, and 
anoxia. In: Stern D (ed) The  Chlamydomonas  source-
book, vol 2, Organellar and metabolic processes. 
Academic, Oxford, UK, pp 217–255  

     Rakhely G, Kovacs AT, Maroti G, Fodor BD, Csanadi 
G, Latinovics D, Kovacs KL (2004) Cyanobacterial-
type, heteropentameric, NAD+-reducing [NiFe] 
hydrogenase in the purple sulfur photosynthetic bac-
terium  Thiocapsa roseopersicina . Appl Environ 
Microbiol 70:722–728  

     Rakhely G, Laurinavichene TV, Tsygankov AA, 
Kovacs KL (2007) The role of Hox hydrogenase in 
the H 2  metabolism of  Thiocapsa roseopersicina . 
Biochim Biophys Acta 1767:671–676  

    Rao KK, Gogotov IN, Hall DO (1978) Hydrogen 
evolution by chloroplast-hydrogenase systems – 
improvements and additional observations. 
Biochimie 60:291–296  

      Reisner E (2011) Solar hydrogen evolution with 
hydrogenases: from natural to hybrid systems. Eur J 
Inorg Chem 2011:1005–1016  

     Reisner E, Fontecilla-Camps JC, Armstrong FA 
(2009a) Catalytic electrochemistry of a [NiFeSe]-
hydrogenase on TiO 2  and demonstration of its suit-
ability for visible-light driven H 2  production. Chem 
Commun (Camb) 5:550–552  

     Reisner E, Powell DJ, Cavazza C, Fontecilla-Camps JC, 
Armstrong FA (2009b) Visible light-driven H 2  pro-

duction by hydrogenases attached to dye-sensitized 
TiO 2  nanoparticles. J Am Chem Soc 131:
18457–18466  

    Reissmann S, Hochleitner E, Wang H, Paschos A, 
Lottspeich F, Glass RS, Bock A (2003) Taming of a 
poison: biosynthesis of the [NiFe]-hydrogenase cya-
nide ligands. Science 299:1067–1070  

    Roach PL (2011) Radicals from S-adenosylmethionine 
and their application to biosynthesis. Curr Opin 
Chem Biol 15:267–275  

     Roessler PG, Lien S (1984) Purifi cation of hydroge-
nase from  Chlamydomonas reinhardtii . Plant 
Physiol 75:705–709  

    Rubach JK, Brazzolotto X, Gaillard J, Fontecave M 
(2005) Biochemical characterization of the HydE 
and HydG iron-only hydrogenase maturation 
enzymes from  Thermatoga maritima . FEBS Lett 
579:5055–5060  

    Rumeau D, Becuwe-Linka N, Beyly A, Louwagie M, 
Garin J, Peltier G (2005) New subunits NDH-M, -N, 
and -O, encoded by nuclear genes, are essential for 
plastid Ndh complex functioning in higher plants. 
Plant Cell 17:219–232  

    Rupprecht J (2009) From systems biology to fuel–
Chlamydomonas reinhardtii as a model for a sys-
tems biology approach to improve biohydrogen 
production. J Biotechnol 142:10–20  

    Schmid B, Ribbe MW, Einsle O, Yoshida M, Thomas 
LM, Dean DR, Rees DC, Burgess BK (2002) 
Structure of a cofactor-defi cient nitrogenase MoFe 
protein. Science 296:352–356  

    Schmitter JM, Jacquot JP, de Lamotte-Guery F, 
Beauvallet C, Dutka S, Gadal P, Decottignies P 
(1988) Purifi cation, properties, and complete 
amino acid sequence of the ferredoxin from a 
green alga,  Chlamydomonas reinhardtii . Eur J 
Biochem 172:405–412  

     Schmitz O, Boison G, Hilscher R, Hundeshagen B, 
Zimmer W, Lottspeich F, Bothe H (1995) 
Molecular biological analysis of a bidirectional 
hydrogenase from cyanobacteria. Eur J Biochem 
233:266–276  

    Schmitz O, Boison G, Salzmann H, Bothe H, Schutz 
K, Wang SH, Happe T (2002) HoxE–a subunit spe-
cifi c for the pentameric bidirectional hydrogenase 
complex (HoxEFUYH) of cyanobacteria. Biochim 
Biophys Acta 1554:66–74  

    Schneider K, Cammack R, Schlegel HG (1984a) 
Content and localization of FMN, Fe-S clusters, and 
nickel in the NAD-linked hydrogenase of  Nocardia 
opaca  1b. Eur J Biochem 142:75–84  

    Schneider K, Schlegel HG, Jochim K (1984b) Effect of 
nickel on activity and subunit composition of puri-
fi ed hydrogenase from  Nocardia opaca  1b. Eur J 
Biochem 138:533–541  

Maria L. Ghirardi et al.



133

    Schonfeld C, Wobbe L, Borgstadt R, Kienast A, 
Nixon PJ, Kruse O (2004) The nucleus-encoded 
protein MOC1 is essential for mitochondrial light 
acclimation in  Chlamydomonas reinhardtii . J Biol 
Chem 279:50366–50374  

     Schutz K, Happe T, Troshina O, Lindblad P, Leitao E, 
Oliveira P, Tamagnini P (2004) Cyanobacterial H 2  
production – a comparative analysis. Planta 218:
350–359  

    Selvaggi A, Tosi C, Barberini U, Franchi E, Rodriguez 
F, Pedroni P (1999) In vitro hydrogen photoproduc-
tion using  Pyrococcus furiosus  sulfhydrogenase and 
TiO 2 . J Photochem Photobiol 125:107–112  

    Serebriakova LT, Sheremetieva ME (2006) 
Characterization of catalytic properties of hydrog-
enase isolated from the unicellular cyanobacterium 
 Gloeocapsa alpicola  CALU 743. Biochemistry 
(Mosc) 71:1370–1376  

    Serebriakova LT, Zorin NA, Lindblad P (1994) 
Reversible hydrogenase in  Anabaena variabilis  
ATCC29413 – presence and localization in non-
N 2 -fi xing cells. Arch Microbiol 161:140–144  

      Shepard EM, Duffus BR, George SJ, McGlynn SE, 
Challand MR, Swanson KD, Roach PL, Cramer SP, 
Peters JW, Broderick JB (2010a) [FeFe]-hydrogenase 
maturation: HydG-catalyzed synthesis of carbon 
monoxide. J Am Chem Soc 132:9247–9249  

    Shepard EM, McGlynn SE, Bueling AL, Grady-
Smith CS, George SJ, Winslow MA, Cramer SP, 
Peters JW, Broderick JB (2010b) Synthesis of the 
2Fe subcluster of the [FeFe]-hydrogenase H cluster 
on the HydF scaffold. Proc Natl Acad Sci U S A 
107:10448–10453  

    Shikanai T (2007) Cyclic electron transport around 
photosystem I: genetic approaches. Annu Rev Plant 
Biol 58:199–217  

    Shomura Y, Higuchi Y (2012) Structural basis for the 
reaction mechanism of S-carbamoylation of HypE 
by HypF in the maturation of [NiFe]-hydrogenases. 
J Biol Chem 287:28409–28419  

    Shumilin IA, Nikandrov VV, Popov VO, Krasnovsky 
AA (1992) Photogeneration of NADH under cou-
pled action of CdS semiconductor and hydrogenase 
from  Alcaligenes eutrophus  without exogenous 
mediators. FEBS Lett 306:125–128  

    Silakov A, Wenk B, Reijerse E, Lubitz W (2009) 14N 
HYSCORE investigation of the H-cluster of [FeFe] 
hydrogenase: evidence for a nitrogen in the dithiol 
bridge. Phys Chem Chem Phys 11:6592–6599  

    Silakov A, Olsen MT, Sproules S, Reijerse EJ, 
Rauchfuss TB, Lubitz W (2012) EPR/ENDOR, 
Mossbauer, and quantum-chemical investigations 
of diiron complexes mimicking the active oxi-
dized state of [FeFe]-hydrogenase. Inorg Chem 
51:8617–8628  

    Sjoholm J, Oliveira P, Lindblad P (2007) Transcription 
and regulation of the bidirectional hydrogenase in 
the cyanobacterium  Nostoc  sp. strain PCC 7120. 
Appl Environ Microbiol 73:5435–5446  

    Stiebritz MT, Reiher M (2009) Theoretical study of 
dioxygen induced inhibition of [FeFe]-hydrogenase. 
Inorg Chem 48:7127–7140  

    Stiebritz MT, Reiher M (2012) Hydrogenases and oxy-
gen. Chem Sci 3:1739–1751  

    Stirnberg M, Happe T (2004) Identifi cation of a cis-
acting element controlling anaerobic expression of 
the HYDA gene from  Chlamydomonas reinhardtii . 
In: Jun M, Yasuo I, Rögner M (eds) Biohydrogen III. 
Elsevier Science, Amsterdam, pp 117–127  

     Stripp ST, Goldet G, Brandmayr C, Sanganas O, 
Vincent KA, Haumann M, Armstrong FA, Happe T 
(2009) How oxygen attacks [FeFe] hydrogenases 
from photosynthetic organisms. Proc Natl Acad Sci 
U S A 106:17331–17336  

    Surzycki R, Cournac L, Peltier G, Rochaix JD 
(2007) Potential for hydrogen production 
with inducible chloroplast gene expression in 
 Chlamydomonas . Proc Natl Acad Sci U S A 
104:17548–17553  

     Tamagnini P, Leitao E, Oliveira P, Ferreira D, Pinto F, 
Harris DJ, Heidorn T, Lindblad P (2007) Cyanobacterial 
hydrogenases: diversity, regulation and applications. 
FEMS Microbiol Rev 31:692–720  

    Teixeira VH, Baptista AM, Soares CM (2006) 
Pathways of H 2  toward the active site of [NiFe]-
hydrogenase. Biophys J 91:2035–2045  

    Terasaki N, Iwai M, Yamamoto N, Hiraga T, Yamada 
S, Inoue Y (2008) Photocurrent generation proper-
ties of Histag-photosystem II immobilized on 
nanostructured gold electrode. Thin Solid Films 
516:2553–2557  

               Terauchi AM, Lu SF, Zaffagnini M, Tappa S, Hirasawa 
M, Tripathy JN, Knaff DB, Farmer PJ, Lemaire SD, 
Hase T, Merchant SS (2009) Pattern of expression 
and substrate specifi city of chloroplast ferredoxins 
from  Chlamydomonas reinhardtii . J Biol Chem 
284:25867–25878  

    Thauer RK, Kaufer B, Zahringer M, Jungermann K 
(1974) The reaction of the iron-sulfur protein 
hydrogenase with carbon monoxide. Eur J Biochem 
42:447–452  

     Thiemermann S, Dernedde J, Bernhard M, Schroeder 
W, Massanz C, Friedrich B (1996) Carboxyl-
terminal processing of the cytoplasmic NAD-
reducing hydrogenase of  Alcaligenes eutrophus  
requires the hoxW gene product. J Bacteriol 
178:2368–2374  

    Tibelius KH, Du L, Tito D, Stejskal F (1993) The 
 Azotobacter chroococcum  hydrogenase gene-
cluster – sequences and genetic analysis of 4 

5 Photosynthetic and Photobiohybrid Processes



134

accessory genes, HupA, HupB, HupY and HupC. 
Gene 127:53–61  

        Tolleter D, Ghysels B, Alric J, Petroutsos D, Tolstygina 
I, Krawietz D, Happe T, Auroy P, Adriano JM, Beyly A, 
Cuine S, Plet J, Reiter IM, Genty B, Cournac L, 
Hippler M, Peltier G (2011) Control of hydrogen 
photoproduction by the proton gradient generated 
by cyclic electron fl ow in  Chlamydomonas rein-
hardtii . Plant Cell 23:2619–2630  

    Torzillo G, Scoma A, Faraloni C, Ena A, Johanningmeier 
U (2009) Increased hydrogen photoproduction by 
means of a sulfur-deprived  Chlamydomonas rein-
hardtii  D1 protein mutant. Int J Hydrog Energy 
34:4529–4536  

     Tron C, Cherrier MV, Amara P, Martin L, Fauth F, 
Fraga E, Correard M, Fontecave M, Nicolet Y, 
Fontecilla Camps JC (2011) Further characteriza-
tion of the [FeFe] hydrogenase maturase HydG. Eur 
J Inorg Chem 2011:1121–1127  

    Tsygankov AA (2007) Nitrogen-fi xing cyanobacteria: 
a review. Appl Biochem Microbiol 43:250–259  

     Utschig LM, Silver SC, Mulfort KL, Tiede DM 
(2011) Nature-driven photochemistry for cata-
lytic solar hydrogen production: a photosystem I 
transition metal catalyst hybrid. J Am Chem Soc 
133:16334–16337  

    van der Spek TM, Arendsen AF, Happe RP, Yun S, 
Bagley KA, Stufkens DJ, Hagen WR, Albracht SP 
(1996) Similarities in the architecture of the active 
sites of Ni-hydrogenases and Fe-hydrogenases 
detected by means of infrared spectroscopy. Eur J 
Biochem 237:629–634  

     Vignais PM, Billoud B (2007) Occurrence, classifi ca-
tion, and biological function of hydrogenases: an 
overview. Chem Rev 107:4206–4272  

    Vignais PM, Colbeau A (2004) Molecular biology 
of microbial hydrogenases. Curr Issues Mol Biol 
6:159–188  

     Vignais PM, Billoud B, Meyer J (2001) Classifi cation 
and phylogeny of hydrogenases. FEMS Microbiol 
Rev 25:455–501  

    Vincent KA, Cracknell JA, Clark JR, Ludwig M, 
Lenz O, Friedrich B, Armstrong FA (2006) 
Electricity from low-level H 2  in still air-an ultimate 
test for an oxygen tolerant hydrogenase. Chem 
Commun (Camb) 48:5033–5035  

    Vincent KA, Parkin A, Armstrong FA (2007) 
Investigating and exploiting the electrocatalytic prop-
erties of hydrogenases. Chem Rev 107:4366–4413  

     Volbeda A, Martin L, Cavazza C, Matho M, Faber 
BW, Roseboom W, Albracht SPJ, Garcin E, Rousset 
M, Fontecilla-Camps JC (2005) Structural differ-
ences between the ready and unready oxidized 
states of [NiFe] hydrogenases. J Biol Inorg Chem 
10:239–249  

    Volbeda A, Amara P, Darnault C, Mouesca JM, Parkin 
A, Roessler MM, Armstrong FA, Fontecilla-Camps 
JC (2012) X-ray crystallographic and computational 
studies of the O 2 -tolerant [NiFe]-hydrogenase 1 
from  Escherichia coli . Proc Natl Acad Sci U S A 
109:5305–5310  

    von Abendroth G, Stripp S, Silakov A, Croux C, 
Soucaille P, Girbal L, Happe T (2008) Optimized 
over-expression of [FeFe] hydrogenases with high 
specifi c activity in  Clostridium acetobutylicum . Int J 
Hydrog Energy 33:6076–6081  

    Wang M, Chen L, Li X, Sun L (2011) Approaches 
to efficient molecular catalyst systems for 
 photochemical H 2  production using [FeFe]-
hydrogenase active site mimics. Dalton Trans 
40:12793–12800  

    Weyman PD, Vargas WA, Tong YK, Yu JP, Maness PC, 
Smith HO, Xu Q (2011) Heterologous expression of 
 Alteromonas macleodii  and  Thiocapsa roseopersic-
ina  [NiFe} hydrogenases in  Synechococcus elonga-
tus . PLoS One 6:8  

    Winkler M, Hemschemeier A, Gotor C, Melis A, 
Happe T (2002) [Fe]-hydrogenases in green 
algae: photo-fermentation and hydrogen evolu-
tion under sulfur deprivation. Int J Hydrog Energy 
27:1431–1439  

         Winkler M, Kuhlgert S, Hippler M, Happe T (2009) 
Characterization of the key step for light-driven 
hydrogen evolution in green algae. J Biol Chem 
284:36620–36627  

    Woolerton TW, Sheard S, Chaudhary YS, Armstrong 
FA (2012) Enzymes and bio-inspired electrocata-
lysts in solar fuel devices. Energy Environ Sci 
5:7470–7490  

    Wunschiers R, Batur M, Lindblad P (2003) 
Presence and expression of hydrogenase spe-
cifi c C-terminal endopeptidases in cyanobacteria. 
BMC Microbiol 3:8  

     Yacoby I, Pochekailov S, Toporik H, Ghirardi ML, 
King PW, Zhang S (2011) Photosynthetic elec-
tron partitioning between [FeFe]-hydrogenase 
and ferredoxin:NADP+-oxidoreductase (FNR) 
enzymes in vitro. Proc Natl Acad Sci U S A 
108:9396–9401  

    Yacoby I, Tegler LT, Pochekailov S, Zhang S, King 
PW (2012) Optimized expression and purifi cation 
for high-activity preparations of algal [FeFe]-
hydrogenase. PLoS One 7:e35886  

    Yonekura-Sakakibara K, Onda Y, Ashikari T, Tanaka Y, 
Kusumi T, Hase T (2000) Analysis of reductant sup-
ply systems for ferredoxin-dependent sulfi te reduc-
tase in photosynthetic and nonphotosynthetic organs 
of maize. Plant Physiol 122:887–894  

    Zadvornyy OA, Lucon JE, Gerlach R, Zorin NA, 
Douglas T, Elgren TE, Peters JW (2012) Photo-induced 

Maria L. Ghirardi et al.



135

H 2   production by [NiFe] -hydrogenase from 
 T.  roseopersicina  covalently linked to a Ru(II) photo-
sensitizer. J Inorg Biochem 106:151–155  

     Zhang JD, Chi Q, Kuznetsov AM, Hansen AG, 
Wackerbarth H, Christensen HEM, Andersen JET, 
Ulstrup J (2002) Electronic properties of functional 

biomolecules at metal/aqueous solution interfaces. 
J Phys Chem B 106:1131–1152  

    Zhang JD, Welinder AC, Chi QJ, Ulstrup J (2011) 
Electrochemically controlled self-assembled monolay-
ers characterized with molecular and sub-molecular 
resolution. Phys Chem Chem Phys 13:5526–5545    

5 Photosynthetic and Photobiohybrid Processes



137D. Zannoni and R. De Philippis (eds.), Microbial BioEnergy: Hydrogen Production,  
Advances in Photosynthesis and Respiration 38, pp. 137–153, DOI 10.1007/978-94-017-8554-9_6,
© Springer Science+Business Media Dordrecht 2014

Summary

Cyanobacteria possess three different types of nitrogenases, two Mo- and one V-nitrogenases, 
all of which catalyse the reduction of the dinitrogen molecule to ammonia accompanied by 
the evolution of molecular hydrogen. V-nitrogenase is most effective in producing H2 and is, 
therefore, suited for potential applications in solar energy conversion programs to generate 
molecular H2 as a clean and renewable energy source. Intact cells of cyanobacteria often 
show rather little net H2-production due to the concomitant H2-consumption by uptake 
hydrogenase. The unicellular N2-fixing Cyanothece is currently the focus of H2-production 
research. Wild-type cyanobacteria are already capable of maximal H2-production and any 
further enhancement of H2-formation must be achieved by manipulating linear photo-
synthetic electron transport which is rate-limiting in light- and nitrogenase-dependent 
H2-generation.
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 I. Introduction

Cyanobacteria have the simplest nutrient 
requirements among all organisms. They 
thrive on simple inorganic media where they 
can meet their nitrogen demands by (di)
nitrogen fixation. Cyanobacteria have two 
totally different enzyme complexes that cata-
lyze the formation of hydrogen, namely 
nitrogenase and hydrogenase. Whilst H2- 
formation by hydrogenases is reviewed by 
Tamagnini et al. (Chap. 4 of this book) the 
current article focuses on the nitrogenase- 
dependent evolution of this gas. 
Cyanobacteria are a diverse group of organ-
isms with extremely large deviations in 
genome size (Hess 2011). The smallest one, 
the marine UCYN-A organism has a single 
contig with 1.44 Mb, cannot be cultured as 
yet but performs N2-fixation (Tripp et al. 
2010). The maximum genome size of 
9.05 Mb is reached in the facultative symbi-
otic Nostoc punctiforme ATCC29133 (Meeks 
et al. 2001). Thus components involved in 
H2-formation may vary from one organism 
to the next. However, the structural genes of 
nitrogenase, nifHDK, are very much con-
served in cyanobacteria as among all other 
organisms. Indeed, probes developed from 
nifH have routinely been used for a long time 
to screen for the occurrence of N2 fixation in 
environmental samples or in as yet uncharac-
terized isolates (Ruvkun and Ausubel 1980).

Cyanobacteria may have evolved 2.5–2.7 
billion or more years ago (Latysheva et al. 
2012). The discussion continues whether the 
last cyanobacterial common ancestor could 
perform N2-fixation and thus also H2- 
formation or not. Whereas some investiga-
tors conclude that this organism was not 
N2-fixing (Sanchez-Barcaldo et al. 2005; Shi 
and Falkowski 2008), more recent studies 
judge the situation as ambiguous (Larsson 
et al. 2011; Latysheva et al. 2012). On the 
other hand, the earliest nitrogenase on earth 
may have functioned to detoxify soils from 
cyanide (Kelly et al. 1967), and its capability 

to reduce the dinitrogen molecule may 
have developed afterwards (Postgate 1972). 
If so, nitrogen fixation and hydrogen evolu-
tion might have been traits of the earliest 
cyanobacterium. Since nitrogenase is inacti-
vated by oxygen, the enzyme must have 
been developed in cyanobacteria at the 
latest before the oxygenation of the atmo-
sphere some 2,400–2,200 million years ago 
(Latysheva et al. 2012). The patchy distribu-
tion of nitrogenase among the different cya-
nobacteria is likely due to horizontal gene 
transfer among the earliest cyanobacteria, 
followed some time later by the rate of loss 
of the N2-fixation capability becoming much 
greater than the rate of horizontal gene trans-
fer among closely related cyanobacteria 
(Latysheva et al. 2012).

H2-production by cyanobacteria is envi-
ronmentally friendly, since it is not accompa-
nied by production of CO2 or any other 
greenhouse gas. In addition, large amounts 
of energy can be stored in small volumes of 
H2. Thus research on the conversion of solar 
energy to combustible H2 has continued 
since the first energy crisis in 1973. Some 
authors even state that photobiological 
hydrogen production is on the way to becom-
ing a mature technology (Eroglu and Melis 
2011). The current article tries to summarize 
the extensive literature particularly of the 
last 2 years. A review with the involvement 
of both current authors came out in December 
2010 (Bothe et al. 2010a). Other reviews on 
the subject are available (Madamwar et al. 
2000; Dutta et al. 2005; Tamagnini et al. 
2002, 2007; Tsygankov 2007; Ghirardi et al. 
2007, 2009; Schwarz et al. 2010; Kim and 
Kim 2011; Srirangan et al. 2011; Hallenbeck 
2012; Tiwari and Pandey 2012).

 II. Nitrogenases in Cyanobacteria

Several types of nitrogenases exist in nature. 
The “classical” N2-fixing enzyme catalyses 
the reaction:

 N H e H PD i2 3 28 8 16 2 16 16+ + + → + + ++ − MgATP MgA PNH  (6.1)
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This “classical” nitrogenase contains Mo 
in the catalytic prosthetic group and consists 
of two component proteins. The smaller pro-
tein component is encoded by nifH and is 
known as the Fe-protein, (di)nitrogenase 
reductase or component-2. It is a homodimer 
with a total molecular mass of 64 kDa. Its 
prosthetic group is a [4Fe-4S] cluster that 
bridges the interface of the two subunits and 
is ligated to both of them by two cysteinyl 
residues from each subunit. It serves in 
accepting reducing equivalents from either 
ferredoxin or flavodoxin, depending on the 
organism. The pathway by which the two low 
molecular-weight proteins, ferredoxin or fla-
vodoxin, are reduced in cyanobacteria have 
been summarised in a previous review 
(Bothe et al. 2010a). Electrons from the 
Fe-protein of nitrogenase are transferred to 
the larger protein component with concur-
rent ATP hydrolysis. The ATP demand in 
nitrogen fixation is high; 2 ATP are hydro-
lyzed per electron transferred.

The larger nitrogenase component is 
termed the MoFe-protein, dinitrogenase or 
component-1. It is encoded by nifDK and is a 
tetrameric (α2β2) protein of about 240 kDa. 
Each αβ-subunit pair binds one each of two 
prosthetic groups, the P-cluster and the 
FeMo-cofactor. The latter possesses homoci-
trate and the following atoms, 1 Mo, 7 Fe 
and 9 S in addition to one central light 
ion, recently identified as carbide (C4−), 
(Lancaster et al. 2011; Spatzal et al. 2011; 
Wiig et al. 2012). The reduction of the N2 
molecule may occur at either a central 4Fe- 
4S face or at the Mo-homocitrate part of 
the FeMo-cofactor. Further details of nitro-
genase catalysis can be taken from (Bothe 
et al. 2010a, b). This classical nitrogenase 
is widely distributed in cyanobacteria. 
However, even closely related cyanobacterial 
strains may or may not be N2-fixers. A pecu-
liarity of cyanobacteria is the occurrence of a 
second Mo-nitrogenase in the heterocystous 
Anaba ena variabilis (Table 6.1) which was 

Table 6.1. Occurrence of nitrogenases in cyanobacteria and other organisms.

Organism Mo-nitrogenase1 Mo-nitrogenase2 V-nitrogenase Fe-nitrogenase

Cyanobacteria
All N2-fixing cyanobacteria 

besides the following:
+ − − −

Anabaena variabilis + + + −
Anabaena azollae + − + −
Anabaena azotica and CH1 + − + −

Azotobacter spp.
A. vinelandii + − + +
A. paspali + − + +
A. chroococcum + − + −
A. salinestris + − + −

Methanosarcina spp.
M. acetivorans + − + +
M. barkeri + − + −

Photosynthetic bacteria
Rhodopseudomonas palustris + − + +
Rhodospirillum rubrum + − − +
Rhodobacter capsulatus + − − +
Heliobacterium gestii + − − +

Others: Non phototrophs
Clostridium pasteurianum + − − +
Azomonas macrocytogenesis + − − +

Azospirillum brasilense Cd + − − +
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described independently by two groups in 
the same year (Schrautemeier et al. 1995; 
Thiel et al. 1995). This second Mo-nitrogenase 
is encoded by its own gene set (Thiel et al. 
1997). A. variabilis expresses the classical 
Mo-nitrogenase in heterocysts, and the sec-
ond Mo-nitrogenase in vegetative cells under 
reduced oxygen tension. Since N2-fixation is 
light-dependent both in heterocysts and veg-
etative cells due to the demand for ATP and 
reductant (reduced ferredoxin), N2-fixation 
by the second Mo-nitrogenase must proceed 
in parallel with photosynthetic O2-evolution 
in vegetative cells. Because all nitrogenases 
are irreversibly damaged by O2, vegetative 
cells must have developed device(s) to pro-
tect the second nitrogenase from O2 or maybe 
nitrogenase resynthesis is simply faster than 
the destruction of the enzyme by O2. Apart 
from the fact that it is encoded by a differ-
ent set of nifHDK genes than the conven-
tional enzyme, rather little is known about 
this second Mo-nitrogenase. Its distribution 
in diverse heterocystous cyanobaceteria 
has been examined (Masukawa et al. 2009). 
It might resemble nitrogenase from the  
filamentous, non-heterocystous Plectonema 
(Leptolyngbya) boryanum, which is exp-
ressed also only under reduced O2- tension 
(“microaerobic conditions”) (Stewart and 
Lex 1970).

The alternative V-nitrogenase was first 
discovered in the non-photosynthetic Azoto-
bacter vinelandii (Joerger and Bishop 1988). 
In culture media without Mo but with suffi-
cient V, this bacterium synthesizes a nitroge-
nase with V-Fe-S-homocitrate in the catalytic 
prosthetic group. This V-enzyme complex is 
encoded by the structural genes vnfHDGK. 
When both Mo and V are absent, this aerobic 
bacterium can express a third nitrogenase 
with Fe as the only metal in its prosthetic 
group, thus with an Fe-Fe-S- homocitrate 
cofactor in the active site (Joerger and Bishop 
1988). The structural- gene cluster of this 
Fe-only nitrogenase is encoded by anfH-
DGK. The larger component protein of all 
these nitrogenases possesses the P-cluster, 
which is likely involved in internal electron 
transfer between prosthetic groups during N2 
reduction (Fisher et al. 2007).

All three nitrogenases (Mo-, V- and 
Fe-dependent enzymes) have similar but not 
identical subunit amino-acid sequences. Both 
alternative nitrogenases possess an additional 
protein encoded by the G gene and are either 
hexamers (with a α2β2δ2 composition) or 
octamers (with a α2β2δ4 composition). The 
G-protein might be involved during insertion 
of the catalytic cofactor, either V-Fe-S-
homocitrate or Fe-Fe-S- homocitrate, respec-
tively, into the apoprotein of the alternative 
nitrogenases. Both alternative nitrogenases 
support growth of A. vinelandii and of the 
other organisms where they occur (Table 6.1), 
however, growth rates are lower than when 
Mo-nitrogenase is expressed. Either alterna-
tive nitrogenase reduces N2 or C2H2 with 
lower rates but produces more H2 than 
Mo-nitrogenase (see below). According to 
the Thorneley-Lowe scheme of nitrogenase 
catalysis (Thorneley and Lowe 1984; 
Lukanov et al. 2012) the rate limiting step for 
product formation might lie in the final dis-
sociation of the oxidized Fe-protein-MgATP 
from the electron transfer complex, and sub-
stitution by V or Fe might lead to the altered 
ratio in product concentrations.

A recent discovery is the capability of 
V-nitrogenase but not of the Mo-enzyme 
complex to reduce carbon monoxide to 
hydrocarbons (Hu et al. 2012).

The alternative nitrogenases have a some-
what haphazard occurrence among organ-
isms of totally unrelated taxonomic affinities 
(Table 6.1). In addition to A. vinelandii, all 
three nitrogenases have been detected in 
Azotobacter paspali, the phototroph Rhodo-
pseudomonas palustris and Methanosarcina 
acetivorans of the archaeons (Bothe et al. 
2010a, b). Both Mo- and V-nitrogenases 
occur in Azotobacter chroococcum, Azoto-
bacter salinestris and Methanosarcina bar-
keri 227. The phototrophs Rhodospirillum 
rubrum, Rhodobacter capsulatus and Helio-
bacterium gestii as well as the heterotrophic 
Clostridium pasteurianum, Azospirillum 
brasilense Cd and Azomonas macrocytogen-
eses posses the Mo- and Fe-nitrogenases  
but not the V-enzyme complex. Klebsiella 
pneumoniae, the symbiotic rhizobia and 
many others have only the Mo-nitrogenase.
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Among cyanobacteria, only few isolates 
have been found to synthesize both the Mo- 
and the V-nitrogenase: Anabaena variabilis 
(Kentemich et al. 1988), an Anabaena iso-
late from the fern Azolla (Ni et al. 1990), 
Anabaena CH1 from Southern Chinese rice 
fields (Boison et al. 2006), Anabaena azot-
ica (Boison et al. 2006), and two other 
Anabaena and one Nostoc strains (Masukawa 
et al. 2009). No Fe-nitrogenase has been 
annotated in any of the more than 50 cyano-
bacterial strains sequenced as yet (Hess 
2011). However, due to the high genome 
diversity of cyanobacteria (Hess 2011), the 
discovery of Fe-nitrogenase in a newly 
investigated strain would not be unexpected. 
Hybridization of DNA from Anabaena vari-
abilis with an anfH probe gave positive sig-
nals (Kentemich et al. 1991), but this only 
indicates the existence of multiple copies of 
nifH in this cyanobacterium (Bothe et al. 
2010b) and not the occurrence of 
Fe-nitrogenase.

The molecular characterization of the 
V-nitrogenase from Anabaena variabilis 
(Thiel 1993) showed that vnfDGKEN are 
clustered, whereas four other H genes, in 
addition to nifH, are interspersed on the 
chromosome. The next closest H gene is 
located 27 bp from vnfDGK. The nifH or 
vnfH gene products complement either Mo- 
or V-nitrogenase in isolated enzymes.

Probes developed from vnfG and anfG 
have been used to amplify these genes from 
environmental samples by PCR and to screen 
for the occurrence of alternative nitrogenases. 
Both enzyme complexes were detected in 
diverse habitats and were found to be concen-
trated in the pseudomonad-azotobacteria lin-
eage of the gammaproteobacteria (Loveless 
et al. 1999; Betancourt et al. 2008). Organisms 
may have acquired alternative nitrogenases 
by lateral gene transfer. This is particularly 
striking in Methanosarcina barkeri 227 
where vnfDG have close sequence homologies 

to the paralog from Anabaena variabilis 
(Chien et al. 2000), whereas the H gene is 
closely related to anfH from Rhodobacter 
capsulatus and Clostridium pasteurianum. 
Thus, the V-nitrogenase genes may have been 
acquired by two different evolutionary events 
in M. barkeri 227 (Chien et al. 2000).

Molybdenum is generally non-limiting in 
soils or other habitats. The occurrence of 
alternative nitrogenases with no obvious 
need is an intriguing question. If really not 
needed, their genes should have been elimi-
nated from the chromosome of the organ-
isms during the long course of the evolution. 
Thus it cannot be ruled out that these alterna-
tive nitrogenases have other, as yet unknown, 
functions in cyanobacteria and all other 
organisms.

 III. Hydrogen Production  
by Nitrogenases

In the absence of any other substrate, nitro-
genases catalyze the reduction hydrogen 
ions (protons) to molecular hydrogen 
(Postgate 1972; Burns and Hardy 1975). 
This H2- formation, as are all other substrate 
reductions, is ATP dependent but, unlike the 
others, is insensitive to carbon monoxide. 
When N2 is the substrate, its reduction is 
accompanied by H2-formation. Hydrogen 
may be generated as a prerequisite for N2 
binding or from decomposition of an 
enzyme-bound intermediate (Thorneley 
et al. 1978; Barney et al. 2005). However, 
the stoichiometry between NH3 and H2 for-
mations may not strictly be 2:1 (as shown in 
Eq. 6.1). Lower ratios (more H2) are found 
with the alternative nitrogenases (see 
Eqs. 6.2 and 6.3), which indicates their 
lower efficiencies for N2 reduction. The stoi-
chiometry between NH3 and H2 formation 
for the alternative nitrogenases is usually 
written as:

 For nitrogenaseV N H e H- : 2 3 212 12 2 3+ + ® ++ - NH  (6.2)

 and for Fe nitrogenase- : .N H e H2 3 221 21 2 7 5+ + ® ++ - NH  (6.3)

(Wall 2004; Eroglu and Melis 2011).
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Although these ratios are likely to be 
approximations, they indicated the undoubt-
edly higher H2 production by these alterna-
tive enzyme complexes which should be 
kept in mind in any attempts for potential 
commercial H2-generations. In addition, 
Mo-nitrogenase produces only tiny amounts 
of H2 when saturated with substrates other 
than N2, like C2H2. Although the alternative 
nitrogenases also reduce C2H2, they produce 
more H2 than does Mo-nitrogenase and, in 
addition, produce both C2H4 and C2H6.

Such H2-production is observed with iso-
lated nitrogenases, but often not with intact 
cells. This is especially so in N2-fixing cya-
nobacteria, where H2-production by nitroge-
nase means a loss of energy (4 ATP are used 
for every electron pair transferred to form 
H2). It is, therefore, not surprising that organ-
isms recycle the “lost” energy by means of 
hydrogenases catalyzing the reaction:

 H e H2 2 2® +- +  (6.4)

Cyanobacteria possess two pathways of 
H2-utilization: (a) the “Knallgas” reaction 
where H2 consumption is O2-dependent and 
occurs via respiratory ATP formation; and 
(b) the light- and photosystem I-dependent 
H2-uptake (Eisbrenner and Bothe 1979). 
Both pathways share the cytochrome bc 
complex III in cyanobacteria (Eisbrenner 
and Bothe 1979). Cyanobacterial hydroge-
nases are discussed in other chapters of this 
book and so are only briefly mentioned here. 
Most cyanobacteria possess two different 
hydrogenases. In intact cells, the uptake 
hydrogenase, encoded by hupLS, catalyzes 
only the consumption of the gas due to the 
fact that it couples to the respiratory (and 
photosynthetic) electron transport chain at 
complex III close to the entry of electrons 
from succinate dehydrogenase. The native 
electron acceptor for uptake hydrogenase in 
the thylakoid membrane has not yet been 
identified (possibly cytochrome b as in 
Rhizobium, Eisbrenner and Evans 1982). 
Such tight coupling to the membranes at 
an E0′ close to 0 mV eliminates the possibil-
ity of H2 evolution by uptake hydrogenase. 

In heterocystous cyanobacteria, uptake 
hydrogenase is confined to these specialized 
cells, as recently shown for HupS with a 
GFP- labelled probe (Camsund et al. 2011), 
however, this enzyme is also present in non-
heterocystous N2-fixing species (Tamagnini 
et al. 2005) (Fig. 6.1).

The second hydrogenase of cyanobacte-
ria catalyzes both the uptake and the evolu-
tion of H2. It is encoded by hoxEFYUH 
(Schmitz et al. 1995), is NAD(P)H-dependent 
(Schmitz and Bothe 1996) and has recently 
been purified to homogeneity and character-
ized biochemically (Germer et al. 2009; 
McIntosh et al. 2011). The production of H2 
(E0′ = −420 mV for H2/2H+) by NAD(P)H 
(E0′ = −320 mV) for NAD(P)H/NAD(P)+ 
represents an “uphill” reaction. Although it 
has been stated correctly that both H2 and 
NAD(H) unlikely operate under the standard 
potential concentrations of 1 bar in the cells 
(Skizim et al. 2012), it is obvious that H2- 
formation by bidirectional hydrogenase is 
generally marginal in whole organisms. The 
enzyme might function in disposing reduc-
tant generated by fermentation in the dark 
and under anaerobic conditions (Bothe et al. 
2010a, b).

Work with mutants showed that H2 pro-
duced by nitrogenases is recycled mainly, if 
not exclusively, by uptake hydrogenase with, 
at best, only a marginal impact by the bidi-
rectional enzyme (Happe et al. 2000; 
Masukawa et al. 2002). To maximize net H2- 
production by nitrogenases in intact cells, 
uptake hydrogenase function must be 
blocked by either inhibitors or molecular 
knock-out.

 IV. Hydrogen Formation  
in Heterocystous Cyanobacteria

Heterocysts are irreversibly differentiated 
from vegetative cells which require a mas-
sive degradation of existing proteins and the 
synthesis of new ones. Approximately 40 % of 
cell proteins are degraded and others newly 
synthesized upon heterocyst differentiation 
(Thiel 1990). Heterocysts do not perform 
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CO2-fixation and do not possess the water-
splitting photosystem II. They respire at high 
rates and require the supply of organic carbon 
from vegetative cells (Fay 1992). The pathways 
for the transfer of organic carbon have not yet 
been fully elucidated. These could either 
employ the “microplasmodesmata” that con-
nect vegetative cells and heterocysts (Wilcox 
et al. 1973; Giddings and Staehelin 1978; 
Giddings and Staehelin 1981) or proceed along 
the apoplastic route (in the periplasm) in the 
cell walls with an active entry of compounds 
across the cytoplasmic membrane of hetero-
cysts (Mariscal et al. 2007; Mullineaux et al. 
2008). Organic carbon may not be the only 
class of substance transported into heterocysts. 
These cells are packed with nitrogenase, and its 
synthesis might demand a massive import of 
Mo, Fe and S from vegetative cells which, how-
ever, has not yet been studied.

Heterocysts seem to be an ideal accommo-
dation for nitrogenase functioning. In cell-free 
preparations, all nitrogenases are irreversibly 
damaged by O2. This gas might diffuse into 
heterocysts in very small amounts due to their 
thick cell wall layers. This O2 may be moped 
up completely by respiration. Additionally, 
nitrogenase- dependent H2-evolution may 
serve to protect nitrogenase from damage. 
Years ago, R.O.D. Dixon postulated three pos-
sible functions for the uptake by hydrogenase 
of the H2 produced by nitrogenase in Rhizobium 
 bacteriods (Dixon 1972): (a) it may supply 
additional reductant and ATP for nitrogenase; 
(b) it may remove deleterious O2 by the 
respiratory Knallgas reaction; and (c) it may 
prevent the built up of deleteriously high con-
centrations of H2 which block nitrogenase 
activity. These functions in bacteroids could 
also well apply to heterocysts.
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Fig. 6.1. Schematic representation of the nitrogenase–hydrogenase relationship in cyanobacteria. Uptake 
hydrogenase is bound to the thylakoid membrane. Due to its dependence on reduced ferredoxin or flavodoxin, an 
association of nitrogenase with the thylakoid membrane is also likely. Bidirectional hydrogenase may be loosely 
attached to the cytoplasmic membrane which is, however, not proven and its electron acceptor is unknown. For 
further details see Bothe et al. (2010a, b). PQ plastoquinone, cyt bf complex III in cyanobacteria, PC plastocyanin 
(or a soluble cytochrome), PSI photosystem I, RC respiratory chain (dashed), FNR: NADPH ferredoxin oxidore-
ductase, Fd ferredoxin (or flavodoxin).
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Recently, high levels of H2-formation 
were observed when Anabaena variabilis or 
Anabaena azotica cells were incubated with 
varying amounts of H2 and C2H2 (Bothe 
et al. 2008). This additional H2-formation 
upon H2 addition was accompanied by a 

parallel decrease in the C2H4-formation rate 
(Fig. 6.2). This H2-production was nitroge-
nase- and light-dependent, was blocked by 
DCMU (an electron transport inhibitor) or 
FCCP or CCP (energy transfer uncouplers) 
and was not observed with N2 as nitrogenase 
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and determined by gas chromatography at the start of the experiments. Columns with stripes rising to the left 
are V-grown A. azotica; columns with stripes to the right are Mo-grown A. azotica; and columns with dots are 
Mo-grown A. variabilis. Complete indicates a gas phase of H2 (about 1 bar) (The data are from Bothe et al. 2008 
where the exact assay conditions are described). (b) Inhibition of C2H2-reduction by increasing concentrations of 
H2 added to the assays, using Mo-grown A. azotica. Top line (•): no H2 injected into the 7.0-ml vessels with the 
cells under argon; the following lines (○, ■, Δ, ▲): 1, 2, 3, or 4 ml H2 injected; the bottom line (ж): 100 % H2 gas 
phase. The inhibition pattern was the same for V-grown A. azotica and for Mo-grown A. variabilis (The data are 
from Bothe et al. 2008 where the exact assay conditions are described).
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substrate. It proceeded for at least 1 day and 
then gradually decreased within the next 
day. No explanation for this H2 and C2H2- 
dependent H2-formation is available as yet. 
However, the experiment shows that 
(almost) all electrons allocated to nitroge-
nase can be directed to H2-formation with-
out any genetic manipulation of the cells.

Other means have been described to allo-
cate the flow of electrons within nitrogenase 
to H2-production. Mutational alteration 
within the α-subunit of the second (vegeta-
tive cell-based) Mo-nitrogenase of Anabaena 
variabilis leads to decreased activities of 
both N2-fixation and C2H2-reduction but has 
no impact on H2-formation by this enzyme 
complex (Weyman et al. 2010). In cultures of 
the marine Trichodesmium erythraeum, 
nitrogen fixation (C2H2-reduction) was satu-
rated with a certain level of light intensity, 
but H2-formation and thus the H2/C2H2 ratio 
steadily increased with either higher 
 irradiance above this threshold value or by 
altering the light quality (Wilson et al. 2012), 
which again indicates that N2-fixation and 
H2- evoluted are not strictly coupled in 
nitrogenase.

Intact filamentous cyanobacteria can pro-
duce a burst of H2 when suddenly exposed to 
either high light intensities or other stress 
conditions (Laczko 1986; Abdel-Basset and 
Bader 1999). These bursts of H2-formation 
may come from hydrogenases or nitroge-
nases or both, but since they occur for only 
seconds or at most minutes, they are likely 
impractical for use in combustible energy 
formation in solar energy programs.

 V. Hydrogen Formations  
by Unicellular Cyanobacteria

The discussion on H2-production by unicellu-
lar cyanobacteria has been on-going for a long 
time. Many years ago, Mitsui and coworkers 
(Mitsui and Kumazawa 1977) reported the 
unusually high rate of 230 μmoles H2 pro-
duced/(h × mg chlorophyll) by marine, non-
heterocystous, nitrogen-fixing cyanobacteria 
(Miami strains, which presumably belong to 

the genus Cyanothece). This work was some-
what forgotten after A. Mitsui died. Most uni-
cellular cyanobacteria separate temporally the 
incompatible reactions of photosynthetic O2-
production and O2-sensitive nitrogen fixation. 
The extensive work of the late John Gallon 
and coworkers showed that Gloeothece 
(Gloeocapsa) performs N2-fixation during 
darkness whereas light-dependent photosyn-
thetic O2- production proceeds during daylight 
(Gallon et al. 1974; Mullineaux et al. 1983; 
Gallon 2001). However, Gloeothece can also 
fix N2 continuously in light, albeit with lower 
rates. The basis of this activity is not under-
stood. Perhaps the extensive slime sheath sur-
rounding Gloeothece may serve to limit O2 
diffusion. A temporal separation of N2-
fixation in darkness and photosynthesis dur-
ing the day is known also for the marine 
Crocosphaera watsonii (Compaore and Stal 
2010). In addition, besides an enhanced respi-
ratory activity, H2-production by nitrogenase 
may be utilized by uptake hydrogenase to con-
sume deleterious O2 in these unicellular 
organisms, thereby having a positive physio-
logical function.

Special attention is currently paid to the 
unicellular genus Cyanothece. These cyano-
bacterial isolates are said to perform a strictly 
regulated temporal separation of photosyn-
thesis during light and N2-fixation in dark-
ness (Mitsui et al. 1986; Skizim et al. 2012). 
However, Cyanothece also performs N2- 
fixation (Toepel et al. 2008) and H2-formation 
(Min and Sherman 2010a; Bandyopadhyay 
et al. 2011) in continuous light, but with 
lower rates than under light/dark cycles. 
Remarkably, the expression of the psbA4 
gene encoding one protein of the D1 reaction 
centre of photosystem II is dramatically up- 
regulated upon transition to darkness (Toepel 
et al. 2008). The authors postulate that the 
insertion of the PSBA4 protein reversibly 
inactivates the D1 complex and thus photo-
system II.

Cyanothece sp. ATTC 51242 has been 
completely sequenced, a microarray is avail-
able (Toepel et al. 2008) and it is amenable 
to genetic transformation and mutagenesis 
(Min and Sherman 2010b). Cyanothece 
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strains possess both the uptake and the 
bidirectional hydrogenase (Skizim et al. 
2012). Cyanothece stores glycogen in gran-
ules in the light as an organic carbon reserve, 
which can be fermentatively degraded with 
concomitant H2-release during the dark 
period. The extensive proteomic analysis of 
Cyanothece (Aryal et al. 2011) indicated that 
the expression of proteins involved in glyco-
gen degradation and respiration parallel 
those for nitrogenase and are enhanced in 
darkness. Noteworthy, NADPH:ferredoxin 
oxidoreductase shows increased synthesis in 
the dark cycle whereas the levels of plasto-
cyanin and proteins of the Calvin cycle are 
more highly expressed in the light period 
(Aryal et al. 2011). The highest H2-formation 
rate by Cyanothece is observed when 
NAD(P)H provides the reductant via NAD(P)
H dehydrogenase type 1 and photosystem I 
in the light when photosystem II is blocked 
(Skizim et al. 2012).

Recently, the world record for cyanobac-
terial H2-production was reported for 
Cyanothece sp. ATTC 51242 at 375 or even 
465 μmol/(h × mg chlorophyll) when the 
cells were supplemented with glycogen 
(Bandyopadhyay et al. 2010, 2011; Sherman 
et al. 2010). These high rates of H2-formation 
were even observed under aerobic conditions 
(Bandyopadhyay et al. 2010) although this 
strain possesses an uptake hydrogenase (Min 
and Sherman 2010a). This H2-production 
was both nitrogenase- and photosystem 
I-dependent, whereas hydrogenase sup-
ported significantly lower gas production 
rates and it was photosystem II-dependent 
(Min and Sherman 2010a). Notably, these 
latter reactions proceeded for more than 2 
days in resting cells and all measurements 
were based on the chlorophyll determination 
method made by Min and Sherman (2010a). 
Then H2-production based on chlorophyll 
concentration was 133 fold higher than when 
referred to dry weight as taken from the 
maximal values given in Table 6.1 by Min 
and Sherman (2010a) where 80.3 μmol H2/
(h × mg chlorophyll) corresponded to 
0.6 μmol H2/(h × mg dry weight). However, 
since the classical work of John Biggins on 

cell-free photosynthetic electron transport in 
cyanobacteria (Biggins 1967a, b), hundreds 
of cyanobacteria researchers have referred 
their data to the extinction coefficient (ε) of 
82 mM−1 × cm−1. Whether the value of 
Biggins for chlorophyll A (ε) was absolutely 
correct or not, the common use of one extinc-
tion coefficient allowed investigators to com-
pare the rates published for activities by 
different laboratories. Roughly, 1 mg chloro-
phyll corresponds to 25 mg protein and 
40 mg dry weight in cyanobacteria (Bothe 
and Loos 1972). A ratio of 133 between dry 
weight and chlorophyll content might par-
tially explain the exorbitantly high rates of 
H2-production in Cyanothece (Min and 
Sherman 2010a; Bandyopadhyay et al. 2010, 
2011). As recently pointed out (Bothe et al. 
2010a), cyanobacterial cells can be recalci-
trant to complete chlorophyll extraction, and 
low values for the chlorophyll content of 
cells may also give the impression of very 
high activities based on the (h × mg chloro-
phyll) unit.

Simple considerations indicate the maxi-
mal potential H2-formation rate by nitroge-
nase in cyanobacteria should be around 40 
μmoles or 1 ml H2 produced/(h × mg chloro-
phyll) (Table 6.2). To achieve such a  
rate over longer periods, however, cyano-
bacteria have to be both fed with combined 
nitrogen and genetically manipulated, since 
combined nitrogen suppresses nitrogenase 
biosynthesis. In addition, the simultaneous 
H2- consumption catalyzed by uptake hydro-
genase has to be prevented or the trials have 
to be performed under argon or another O2-
free atmosphere. Moreover, 1 mg chloro-
phyll in living cells requires a culture 
volume of at least 10 ml, since cyanobacte-
rial growth density and N2-fixation activity 
are known to be dependent on quorum sens-
ing that employs N-acylhomoserine lactone 
signals (Romero et al. 2011).

Fermentative H2 formation in the dark, as 
catalyzed by hydrogenase, proceeds at simi-
lar rates to the light- and nitrogenase- 
dependent production of the gas (Table 6.2). 
However, here also, higher rates of fermenta-
tive H2-production have been published, 
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e.g., 7.1 mol H2-produced/mol of glucose 
(Das and Veziroglu 2008), which necessitates 
metabolic pathways other than alcoholic fer-
mentation. Exploitation of solar energy may 
be more efficient when gases other than H2 
are generated from carbohydrates. For exam-
ple, approximately 80 % of the energy of glu-
cose is retained in methane production 
(Thauer et al. 1977). Unfortunately, although 
different cyanobacteria are versatile in pro-
ducing compounds (Hess 2011), they com-
pletely lack the ability to form methane. 
Co-cultures of cyanobacteria with methano-
genic bacteria for energy production may  
be too complicated. Additionally, in contrast 
to light- and nitrogenase-dependent H2- 
formation, any fermentation results in the 
formation of greenhouse gases such as CO2 
or CH4.

The above calculation was based on the 
rate of photosynthetic CO2-fixation being 
100 μmol/(h × mg chlorophyll), and it may 
be argued that some cyanobacterial strains 
could have higher rates. However, a twofold 
higher activity seems to us to be outside of 
the range of possibility. The above described 
nitrogenase-dependent activity of 70 μmoles/
(h × mg chlorophyll) for Synechococcus 
(Cyanothece) Miami BG043511 (Borodin 

et al. 2002), [as calculated from the data by 
Skizim et al. (2012)] appears to be at the 
utmost acceptable limit, and other much 
higher activities reported for Cyanothece 
apparently lack credibility.

Other unicellular cyanobacteria or species 
with non-heterocysts and short filaments 
deserve attention. Novel cyanobacterial lin-
eages that perform N2-fixation are still being 
discovered nowadays, e. g., the short filamen-
tous forms found either in easily accessible 
coastal microbial mats, such as in an estuary 
of the Monterey Bay (Woebken et al. 2012), 
or in the oceans (Goebel et al. 2010). Some 
poorly as yet characterized unicellular cyano-
bacteria perform N2-fixation and photosyn-
thesis also in a light–dark-dependent manner 
(Pfreundt et al. 2012). Similarly, by employ-
ing the same mode of light–dark changes in 
activities, the marine Crocosphaera watsonii 
first uses Fe for photosynthesis in light but 
then mobilizes it for the synthesis of nitroge-
nase in the subsequent dark period. In addi-
tion, utilization of flavodoxin instead of 
ferredoxin in darkness saves iron which 
allows C. watsonii to inhabit oceanic regions 
with lower iron content (Saito et al. 2011). 
Marine cyanobacteria of the UCYN-A group 
have the smallest genome size among cyano-
bacteria. They lack major metabolic path-
ways, such as the tricarboxylic acid cycle and 
photosystem II, and are thus physiologically 
exciting but they still perform N2-fixation 
(Bothe et al. 2010b; Zehr 2011). The unicel-
lular Chroococcidiopis sp. is extremely resis-
tant to desiccation and possibly closely 
related to the oldest cyanobacterium on earth 
and could well be an ancestor of heterocys-
tous species (Fewer et al. 2002). Nowadays, it 
survives in extreme habitats as within the 
shards of gypsum rocks where it is exposed 
only to dim light and where it forms almost 
monocultures among the cyanobacteria 
(Boison et al. 2004). H2-formation in this 
habitat provides an almost anaerobic environ-
ment which allows N2-fixation to proceed. 
Chroococcidiopis has been discussed as an 
organism suitable for testing the survival of 
life on Mars in future expeditions (Billi et al. 
2011; Canganella and Wiegel 2011).

Table 6.2. Consideration of the maximal H2-production 
rate achievable in cyanobacteria.

Cyanobacterial rates
μmoles/h × mg 
chlorophyll

Maximal photosynthesis 100
C:N ratio in cyanobacterial cells 6:1
Maximal N2-formation < 20
Maximal H2-production by  

nitrogenasea
40

Monosaccharide formation  
(6 CO2 → 1 glucose)

< 20

Monosaccharide degradation via 
alcohol fermentation employing 
hydrogenaseb

40

Maximal H2 volumec both in the  
light and darkness

~ 1 ml

aBased on the fact that the production of 1 molecule of 
NH3 in nitrogen fixation requires 4 e−, whereas the pro-
duction of 1 molecule H2 from 2 H+ requires 2 e−

bAlcohol fermentation (glucose → 2 C2H5OH + 2 CO2 + H2)
cMol volume = 22.4 L
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Close consideration of H2-production by 
many candidate cyanobacteria (Table 6.2) 
indicates that maximal rates are already 
achieved by current systems. Genetic  
manipulation of the acceptor side of photo-
system I (Ihara et al. 2006a, b) is unlikely  
to enhance photosynthetic H2-formation 
capacities. Heterologous expression of the 
Fe-hydrogenase from Clostridium acetobu-
tylicum in the non-N2-fixing, unicellular 
Synechococcus elongatus sp. 7942, which 
directly couples with ferredoxin that is 
reduced photosynthetically, will support H2- 
formation with rates more than 500-times 
higher than that of the endogenous bidirec-
tional hydrogenase of this cyanobacterium 
(Ducat et al. 2011). However, it is not  
clear whether this rate matches that of 
nitrogenase- dependent H2-production. Further, 
Fe-hydrogenases are generally extremely O2- 
sensitive and will need to be genetically 
altered in order to function in air.

The rate-limiting step of photosynthetic 
linear electron transport occurs within pho-
tosystem II. This presents a realistic chance 
to increase linear photosynthetic electron 
transfer by either altering or circumventing 
photosystem II. This could be achieved in 
semi-artificial systems where only photosys-
tem I is employed as the photo-reactive ele-
ment which is coupled to an O2-insensitive 
H+-reducing enzyme (hydrogenase) for 
 H2- production (Winkler et al. 2011). Higher 
rates of photosynthetic electron transport 
can also be obtained in cyanobacterial 
mutants that are impaired in antenna (phyco-
bilisome) size. In contrast, a decrease in 
cyclic electron-transport rates in such 
mutants has only minor impact on linear 
photosynthetic electron-transport flow 
(Bernat et al. 2009). Energy conversion of 
light and thus the rate of photosynthetic elec-
tron transport may be higher in cyanobacte-
ria, such as the marine Acarychloris sp., 
which use chlorophyll d as a photosynthetic 
pigment (Pfreundt et al. 2012). Improvements 
of the rates of photosynthetic electron trans-
port and H2-formation may also be achieved 
by simple means, such as adjusting the cya-
nobacteria growth-medium composition, 
particularly its Ni content (Burrows et al. 

2008; Carrieri et al. 2008; Marques et al. 
2011), but also that of Mo or V (Attridge and 
Rowell 1997). The addition of monosaccha-
rides, such as fructose (Reddy et al. 1996) or 
glucose (Yeager et al. 2011), to the medium 
may also enhance H2-formation in some cya-
nobacteria. In Anabaena siamensis, electron 
flow can more be directed to H2-production 
catalyzed by nitrogenase and bidirectional 
hydrogenase when the photosynthetic elec-
tron transport is blocked by inhibitors such 
as KCN, rotenone and DCMU and when the 
cells are supplemented with glyceraldehydes 
(Khetkorn et al. 2012).

The effects of sulfide on cyanobacterial 
electron flow have been known for a long 
time. Oscillatoria limnetica and Aphano-
thece halophytica perform photosystem 
I-dependent CO2 reduction using either S2− 
or H2 as an electron donor (Belkin and Padan 
1978). Synechococcus sp., strain Miami BG 
043511 (Cyanothece) was shown to utilize 
sulfide for H2-production, but only under 
stress conditions where light intensity and 
nutrient supply were growth limiting (Luo 
and Mitsui 1996). Sulfur deficiency in the 
medium causes a (partial) inactivation of 
photosystem II, then anaerobiosis, followed 
by an enhanced H2-production. This obser-
vation was first taken with the green alga 
Chlamydomonas reinhardtii (Melis and 
Happe 2001) and subsequently extended to 
cyanobacteria (Antal and Lindblad 2005; 
Zhang et al. 2008).

Mutants with defects in uptake hydroge-
nase have been constructed several times 
(Mikheeva et al. 1995; Masukawa et al. 2002, 
2012; Yoshino et al. 2007). These mutants 
uniformly show that net H2-production by 
nitrogenase in intact cyanobacteria is signifi-
cantly enhanced when the concomitant  
H2- utilization by uptake hydogenase is pre-
vented. Knock-out mutants of the bidirec-
tional hydrogenase have no or rather little 
impact on total H2-formation in whole cya-
nobacterial cells.

Cyanobacterial H2-evolution can be sig-
nificantly enhanced when the cells are 
immobilized on agar beads, entrapped in 
gels or in other matrices (Hall et al. 1995; 
Madamwar et al. 2000; Rashid et al. 2009). 
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Another possibility is to increase the num-
ber of heterocysts and thereby the concen-
tration of nitrogenase within the filaments. 
This can be achieved either by supplying 
the filaments with 7-azatryptophan (Bothe 
and Eisbrenner 1977) or by site-directed 
mutagenesis (Buikema and Haselkorn 2001; 
Meeks and Elhai 2002; Liang et al. 2004), 
both of which increase N2-fixation and 
thereby H2-evolution activities.

 VI. Conclusion

Despite intensive research over the last 
30 years or so, a major break-through in the 
field has not been achieved yet. However, 
cyanobacteria still present prospects for 
exploitation for solar energy conversion pro-
grams and for the generation of clean energy. 
At the moment, it is difficult to predict when 
or how the required breakthroughs will 
appear and so when or how this research will 
ever result in a mature technology.
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Summary

Photosynthetic purple non-sulfur bacteria (PNSB) can naturally convert electrons from 
organic compounds, protons from water, and energy from light into H2 gas, via the enzyme 
nitrogenase. In 2004, the first PNSB genome sequence was reported, that of Rhodopseudomonas 
palustris strain CGA009. The CGA009 genome sequence revealed natural attributes that 
favored H2 accumulation and revealed further potential for enhancing H2 production. Since 
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then, the genomes of several more Rp. palustris species and other PNSB have been sequenced. 
Comparing these genomes has led to new ideas for improving the substrate range, rate, and 
photosynthetic efficiency of H2 production. Furthermore, systems biology or ‘omics’ 
approaches, including transcriptomics, proteomics, and fluxomics have been applied. Many 
of these systems level approaches have focused on the regulation and activity of nitroge-
nase – the enzyme responsible for H2 production. Guided by these approaches, metabolic 
engineering has targeted metabolic pathways that compete with H2 production for electrons, 
leading to strains with higher H2 yields and potentially linking the survival of these strains to 
the production of H2 biofuel. A systems level examination of PNSB is now turning to char-
acterize largely unexplored but potentially crucial aspects involved in H2 production includ-
ing non-coding small RNAs and post-translational modifications. Systems biology 
approaches are also being designed to eliminate experimenter bias and highlight genes of 
unknown function that contribute to H2 production, ideally providing clues to their function 
and their place in bacterial physiology. This chapter describes the contributions of systems 
biology to our understanding and application of H2 production by PNSB, focusing on 
Rhodopseudomonas palustris and referencing examples from other PNSB.

I. Introduction

A. Background on Purple  
Non- sulfur Bacterial Physiology

Purple non-sulfur bacteria (PNSB) are α- and 
β-proteobacteria that have long fascinated 
researchers with their metabolic versatility. 
PNSB employ different metabolic modules to 
thrive in different environments. In the dark, 
PNSB grow using aerobic respiration or 
anaerobic respiration. The anaerobic electron 
acceptors that PNSB use vary between spe-
cies and strains, but can include electron 
acceptors of denitrification (e.g, NO3

− and 
N2O), dimethylsulfoxide, and trimethylam-
monium oxide (McEwan et al. 1985; Ferguson 
et al. 1987; McEwan 1994). However, PNSB 
are most commonly grown and studied under 
photosynthetic conditions. Photosynthesis by 
PNSB is anoxygenic. Thus, PNSB are unlike 
oxygenic cyanobacteria, plants, and algae that 
obtain electrons from water and produce O2 as 
a waste product. PNSB use a single photosys-
tem that resembles photosystem II but it is 

incapable of oxidizing water and thus no O2 is 
produced. Instead, PNSB use organic com-
pounds as both a source of carbon and elec-
trons during photosynthetic growth – a 
photoheterotrophic lifestyle (Fig. 7.1a). 
Alternatively, PNSB can use inorganic elec-
tron donors other than water (e.g., H2, thiosul-
fate, or Fe2+) as an electron source and CO2 as 
a carbon source – a photoautotrophic lifestyle 
(Fig. 7.1b). Electrons pulled from the electron 
donor are energized by the photosystem using 
light and channeled through a H+-pumping 
electron transfer chain. The resulting proton 
motive force can be used to make ATP via 
ATP synthase or to power other energy-
requiring processes (e.g., solute uptake via 
H+-symport). The electrons can be donated to 
NADP+ to generate NADPH for biosynthesis 
through reverse electron transfer (a process 
that utilizes the proton motive force). 
Alternatively, the electrons can be repeat-
edly energized and cycled through the elec-
tron transfer chain. This cycling allows for 
the continuous maintenance of the proton 
motive force and ATP pools in a process called 
cyclic photophosphorylation. Cyclic photo-
phosphorylation is particularly advantageous 
under starvation conditions as cycling a few 
electrons can generate usable energy for cell 
maintenance and repair.

Abbreviations: αKG – α-ketoglutarate or 2-oxoglutarate; 
GOGAT – Glutamine 2-oxoglutarate aminotransferase; 
PNSB – Purple nonsulfur bacterium/bacteria; Rubisco – 
Ribulose 1,5 bisphosphate carboxylase
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During photoheterotrophic growth, PNSB 
can use a wide variety of organic acids and 
alcohols but the ability to utilize sugar is less 
common trait observed in PNSB, though 
some PNSB like Rhodobacter sphaeroides 
are routinely grown with sugars (Fuhrer et al. 
2005; Kontur et al. 2011). Rp. palustris is 
relatively unique among PNSB for its ability 
to degrade aromatic compounds (e.g., 
p- coumarate), released during the degrada-
tion of lignin by certain fungi (Harwood 
2009). Additionally, Rp. palustris can degrade 
some chlorinated aromatic compounds. As a 
result, much of the earlier research on Rp. 
palustris was devoted to understanding the 
biochemistry of its aromatic compound 
degrading pathways which are potentially 
useful in bioremediating sites contaminated 
with chlorinated and aromatic pollutants 
(Harwood 2009). During photoautotrophic 

growth, PNSB obtain electrons from inor-
ganic electron donors such as H2 (most if not 
all PNSB), thiosulfate (i.e., Rp. palustris (van 
Niel 1944; Rolls and Lindstrom 1967)), and 
in some cases Fe2+ (i.e., Rp. palustris TIE-1 
(Jiao et al. 2005) and Rhodobacter sp. SW2 
(Croal et al. 2007)). When using inorganic 
electron donors, PNSB employ the Calvin 
cycle to utilize CO2 as a carbon source. As 
will be described in detail later on, CO2 fixa-
tion can actually be essential during photo-
synthetic growth on organic compounds, as it 
allows the cell to deal with the excess elec-
trons that are invariably generated during 
growth on organic compounds. PNSB can 
also obtain nitrogen from atmospheric N2 
using the enzyme, nitrogenase. As described 
below, it is nitrogenase that is most often 
exploited by researchers when using PNSB to 
produce H2 gas.

Photoheterotrophya b

Organic
compounds

H2 H2

Photoautotrophy

CO2

CO2

Thiosulfate, Fe2+

Nitrogenase

central
metabolism

central
metabolism

Biosynthesis Biosynthesis

Calvin cycle

ADP
+Pi

ATP

ADP
+Pi

ATP

XH

X+

XH

X+

H+

H+

H+

H+

Calvin
cycle

Fig. 7.1. PNSB like Rp. palustris can grow using light for energy and either organic or inorganic carbon and 
electron sources. (a) During photoheterotrophic growth, organic compounds serve as carbon and energy sources. 
Excess reductant can be oxidized through CO2 fixation via the Calvin cycle or through H2 production via nitroge-
nase. This oxidation of excess reductant is an essential process required for growth. (b) During photoautotrophic 
growth, CO2 serves as the carbon source and is reduced to organic biosynthetic intermediates by the Calvin cycle. 
Inorganic compounds other than water, such as thiosulfate, serve as the electron source. Under certain conditions, 
some electrons can be channeled to H2 production, resulting in simultaneous fixation of CO2 greenhouse gas and 
production of H2 biofuel (Figure modified from McKinlay and Harwood 2010a).
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B. Hydrogen Gas Production by PNSB

As PNSB primarily consume compounds 
other than sugars, most research on H2 pro-
duction by PNSB has focused on using fer-
mented agricultural waste as a feedstock. In 
this situation, the cellulose in agricultural 
material has been broken down into sugars 
and fermented mainly into organic acids. It is 
these organic acids (e.g., acetate and butyrate) 
that serve as the carbon and electron source 
for PNSB growth and H2 production. Thus, it 
is envisioned that PNSB could couple H2 pro-
duction to waste-water remediation.

The two classes of enzymes known to pro-
duce H2 are hydrogenase and nitrogenase. 
Though there are examples of PNSB produc-
ing H2 via hydrogenase (e.g. Rhodospirillum 
rubrum (Fox et al. 1996a) and Rp. palustris 
BisB18 (Oda et al. 2008)), H2 is more com-
monly produced via nitrogenase. Nitrogenase 

is better known for producing NH4
+ from 

atmospheric N2. However, H2 is an obligate 
product of the nitrogenase reaction (Eq. 7.1). 
Even in the presence of 50 ATM of N2, nitro-
genase will continue to produce H2 at a 1:2 
ratio with NH4

+ (Simpson and Burris 1984). 
In an atmosphere devoid of N2, nitrogenase 
behaves like a hydrogenase, producing H2 as 
the sole product (Eq. 7.2). An argument that 
is sometimes made against using nitrogenase 
to produce H2 is that its turnover rate is an 
order of magnitude lower than Ni-hydrogenase 
and three orders of magnitude lower than 
Fe-hydrogenase (McKinlay and Harwood 
2010b). However, this comparison is based 
on in vitro rates. In vivo rates of specific H2 
production show a much narrower gap 
(McKinlay and Harwood 2010b), perhaps 
because bacteria that use nitrogenase tend to 
produce large amounts of the enzyme to com-
pensate for its slow rate.

 Mo-nitrogenase N H e H: ATP NH ADP2 3 28 8 16 2 16+ + + → + ++ −  (7.1)

 Mo-nitrogenasein absenceof N H e H2 28 8 16 4 16: ATP ADP+ −+ + → +  (7.2)

 Hydrogenase: H e H2 2 2
+ −+ ←→  (7.3)

Unlike hydrogenase, which simply 
requires an electron donor (Eq. 7.3), nitroge-
nase also requires ATP (Eqs. 7.1 and 7.2). 
This ATP requirement allows nitrogenase to 
generate very high levels of H2 without the 
reaction slowing and eventually running in 
reverse, as is the case with hydrogenase. The 
high ATP requirement is not a barrier to H2 
production for PNSB, since they can pro-
duce ample ATP from recycled electrons via 
cyclic photophosphorylation, provided that 
they are illuminated. However, a significant 
hurdle in producing H2 via nitrogenase is the 
repressive effects of NH4

+. The repression of 
nitrogenase in response to NH4

+ and strate-
gies to bypass this regulation are described 
in Sect. III.A.

II. Purple Non-sulfur Bacteria in the 
Light of Genomics and Systems 
Biology

A. Rhodopseudomonas palustris CGA009 –  
The First Purple Genome Sequence

Rp. palustris CGA009 was the first PNSB 
genome to be published in 2004 (Larimer 
et al. 2004). Prior to that time most work on 
Rp. palustris had focused on the biochemis-
try of anaerobic pathways for the degradation 
of aromatic compounds and the biophysics of 
its photosynthetic apparatus. The genome 
sequence of Rp. palustris CGA009 revealed 
several features that made it naturally suited 
for H2 production such as (i) an inactive 
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uptake hydrogenase, (ii) multiple nitrogenase 
isozymes, (iii) multiple pathways for con-
sumption of aromatic compounds, and 
(iv) pathways for the utilization of inorganic 
electron donors. This section will describe 
these key features and the insights made 
into Rp. palustris physiology and H2 produc-
tion from comparative genomics, func-
tional genomics, and targeted biochemical 
and mutational analyses.

1. An Inactive Uptake Hydrogenase

N2 fixation by nitrogenase is electron- intensive – 
each enzymatic cycle requiring six electrons 
to make two NH4

+ and another two electrons 
for the obligate production of H2. From the 
perspective of maximizing cell growth, the 
production of H2 is ‘wasteful’ as it would be 
beneficial to instead use the electrons in H2 to 
fix more N2. Indeed, N2-fixing prokaryotes 
tend to encode a Ni-containing uptake hydrog-
enase to recapture H2 electrons. Eliminating 
uptake hydrogenase is often the first step in 
increasing H2 yields in PNSB but this was 
unnecessary in Rp. palustris CGA009. The 
CGA009 genome sequence revealed that Rp. 
palustris had an uptake hydrogenase but curi-
ously CGA009 was incapable of growing 
photoautotrophically with H2 as an electron 
donor (Rey et al. 2006). Upon closer exami-
nation, a 4- nucleotide deletion was noticed in 
hupV, which encodes a subunit of a hydrogen 
sensor protein needed to activate transcription 
of the hydrogenase gene cluster. Without 
uptake hydrogenase activity, H2 produced via 
nitrogenase could escape the cell and accu-
mulate in the sealed growth container (Rey 
et al. 2006). When the mutated gene was 
replaced with a ‘repaired’ sequence, Rp. 
palustris was able to grow photoautotrophi-
cally on H2 and accumulated less H2 when 
grown under N2-fixing conditions (Rey et al. 
2006). This repaired strain, CGA010, is some-
times referred to as the wild-type strain 
though it is derived from CGA009.

A microarray analysis was used to compare 
CGA009 with CGA010 grown under N2-fixing 

conditions where the uptake hydrogenase is 
expected to capture H2 from nitrogenase 
(Rey et al. 2006). The comparison confirmed 
that hupV is required for the expression of the 
hydrogenase gene cluster. Curiously, five other 
genes were differentially expressed between 
the two strains. Two genes encoding a putative 
dicarboxylic acid transporter, a predicted for-
mate transporter, and a glutamine synthetase 
were all upregulated 2–8-fold in CGA010 rela-
tive to the hupV-defective CGA009, suggest-
ing that HupV is involved in activating 
transcription of these genes under N2-fixing 
conditions. It was speculated that the dicarbox-
ylic acid transporter and glutamine synthetase 
could allow Rp. palustris to better assimilate 
oxidized organic acids and N2 gas in the pres-
ence of H2. In support of this hypothesis, 
CGA010 had slightly higher growth rates than 
CGA009 (Rey et al. 2006). The fifth gene 
encoded a hypothetical protein and showed 
47-fold lower expression in CGA010 relative 
to CGA009, suggesting that HupV is involved 
in strong repression of this gene. As of yet, no 
phenotype has been associated with the differ-
ential expression of these genes and it is 
worth noting that CGA010 is indistinguish-
able from CGA009 if Ni2+ is not added to 
the growth medium. In other words, CGA010 
cannot consume H2 if Ni2+ levels are insuffi-
cient to support synthesis of Ni-containing 
uptake hydrogenase.

2. An Arsenal of H2 Producing Nitrogenases

Perhaps the biggest surprise from the 
CGA009 genome sequence was the presence 
of genes encoding all three nitrogenase iso-
zymes. Most N2 fixing prokaryotes encode 
Mo-nitrogenase, which has a Fe-Mo cluster 
in the active site. However, there are two 
‘alternative’ nitrogenases, V-nitrogenase and 
Fe-nitrogenase, named for the metals used in 
place of Mo in the active site. Many bacteria 
encode one alternative nitrogenase in addition 
to Mo-nitrogenase but prior to Rp. palustris 
CGA009, the only organisms known to harbor 
all three were non- photosynthetic Azotobacter 
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vinelandii (Joerger et al. 1989) and 
Methanosarcina acetivorans (Galagan et al. 
2002). Rp. palustris CGA009 remains the 
only example of a photosynthetic microbe 
that encodes all three nitrogenase isozymes.

Alternative nitrogenases are advanta-
geous for H2 production because they are 
better producers of H2 than NH4

+ (Eqs. 7.4, 
7.5, and 7.6). Furthermore, in vivo rates of 
H2 production are comparable between 
strains expressing individual forms of each 
nitrogenase (Table 7.1). The alternative 
nitrogenases were shown to be expressed in 
Rp. palustris in response to genetic muta-
tions rendering Mo-nitrogenase non-func-
tional (Oda et al. 2005), similar to what was 
found for the expression of Fe-nitrogenase 
in Rs. rubrum (Lehman and Roberts 1991). 
This observation suggests that the alterna-
tive nitrogenases are expressed in response 
to severe nitrogen starvation (e.g., when Mo 
availability limits Mo-nitrogenase function). 
Microarray analysis of Rp. palustris cells 
expressing either of the two alternative 
nitrogenases show upregulation of genes 
involved in acquiring diverse forms of 

 nitrogen, supporting the hypothesis that the 
alternative nitrogenases are part of a general 
response to nitrogen starvation. In other 
bacteria like Rhodobacter capsulatus the 
presence of Mo represses alternative nitro-
genase gene expression (Masepohl et al. 
2002) but this does not hold true for Rp. 
palustris (Oda et al. 2005) or Rs. rubrum 
(Lehman and Roberts 1991).

 Mo-nitrogenase: N +8H +8e +16ATP 2NH +H +16ADP2
+ -

3 2→  (7.4)

 V-nitrogenase: N +12H +12e +24ATP 2NH +3H +24ADP2
+ -

3 2→  (7.5)

 Fe-nitrogenase N H e ATP NH H ADP+ -
3 2: 2 24 24 48 2 9 48+ + + → + +  (7.6)

As mentioned earlier, Mo-nitrogenase 
can produce H2 as the sole product in the 
absence of N2. In such a situation, all nitro-
genase isozymes are equally matched in 
terms of electrons devoted to H2 produc-
tion. Thus, alternative nitrogenases are 
most advantageous under conditions where 
N2 is plentiful, thereby allowing the elec-
tron balance to be shifted towards H2 pro-
duction while still assimilating enough 
nitrogen for growth. There is still much 
to be learned in regards to the regulation 
of the alternative nitrogenases. Through 
understanding how the enzymes are regu-
lated it may be possible to express all three 
isozymes at once, increasing the copy 

number of these relatively slow enzymes 
and therefore the rate of H2 production.

3. Finding the Route from Lignin  
Monomers to H2

Rp. palustris is distinguished from most 
other PNSB by its ability to grow photo-
trophically on aromatic compounds. Many 
of these  aromatic compounds are lignin 
monomers released during lignin degrada-
tion by fungi. The CGA009 genome sequence 
suggested two distinct routes for the degra-
dation of the lignin monomer p-coumarate: a 
β-oxidation route and a non-β-oxidation 
route. Microarray and quantitative 

Table 7.1. Strains that use alternative nitrogenases grow 
more slowly but have higher specific productivities.

Nitrogenase 
expressed

Growth 
rate (h−1)a

H2 production 
(μmol (mg 
protein)−1)a

Specific H2 
productivity 
(μmol (mg 
protein)−1 h−1)b

Mo-only 0.048 30 1.44
V-only 0.036 51 1.84

Fe-only 0.028 140 3.92

aData taken from Oda et al. (2005)
bSpecific H2 productivities were calculated according to 
the Monod model where the specific rate of product for-
mation is equal to the amount of product produced per 
unit biomass multiplied by the growth rate. This equation 
assumes a constant ratio between H2 and biomass during 
the period in which the growth rate was measured
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15N-proteomic analyses were used to identify 
which routes were used by comparing tran-
script and protein levels during growth on 
succinate versus p-coumarate (Pan et al. 
2008). The agreement between the transcrip-
tional and proteomic data sets  pointed to the 
non-β-oxidation route for p-coumarate deg-
radation and putative genes were identified 
for every step in the pathway (Pan et al. 
2008). This approach greatly narrows the 
targets for identifying and characterizing 
lignin monomer-degrading enzymes through 
genetic and biochemical approaches, more 
so than basing predictions on a genome 
sequence alone. For example, the CGA009 
genome was predicted to have a single 
β-oxidation pathway for degrading fatty 
acids encoded by pimFABCDE. Elimination 
of this gene cluster resulted in slower growth 
on several straight chain fatty acids and on 
benzoate – a common intermediate for many 
aromatic compound degradation pathways 
that itself is degraded by β-oxidation after 
ring cleavage (Harrison and Harwood 2005). 
However, even without this gene cluster, 
growth on these compounds was not elimi-
nated and growth was unimpaired on some 
fatty acids like 8-carbon caprylate (Harrison 
and Harwood 2005). Thus, other pathways 
must exist to degrade long chain fatty acids 
and transcriptomic and proteomic approaches 
could help identify them.

4. Removing Greenhouse Gases While 
Producing Biofuels Through the Use  
of Inorganic Feedstocks

The genome sequence also revealed genes 
for utilizing some inorganic electron donors. 
A carbon monoxide dehydrogenase was 
found that could be used to convert CO (e.g., 
from syngas) into H2 (Larimer et al. 2004). 
Thus far, the functionality of the Rp. palus-
tris CO dehydrogenase has not been tested 
but Rs. rubrum has a CO dehydrogenase 
that has been intensively characterized 
(Bonam et al. 1989; Kerby et al. 1995; 
Shelver et al. 1995; Spangler et al. 1998; 
Munk et al. 2011). Although not mentioned 

in the  original annotation, Rp. palustris 
CGA009 also encodes genes for the 
 utilization of ferrous iron (RPA0746-4). 
Attempts to grow CGA009 on Fe2+ were 
unsuccessful, but closely related Rp. palus-
tris TIE-1 grows photoautotrophically on 
Fe2+ using the homologous pio operon (Jiao 
et al. 2005; Jiao and Newman 2007). The 
CGA009 genome annotation also pointed to 
a sox operon, encoding a thiosulfate oxidiz-
ing complex (Larimer et al. 2004). In 1944, 
Van Neil demonstrated that Rp. palustris 
could use CO2 as the sole carbon source and 
inorganic thiosulfate as the electron donor, 
setting it apart from purple non-sulfur bacte-
ria like Rb. capsulatus, Rb. sphaeroides, Rp. 
gelatinosa (van Niel 1944), and Rs. rubrum 
(Rolls and Lindstrom 1967). Recently, it was 
shown that Rp. palustris can grow autotro-
phically on CO2 and thiosulfate while fixing 
N2/producing H2 (Huang et al. 2010). Thus, 
when grown on inorganic electron donors 
like thiosulfate, PNSB can produce H2 bio-
fuel while removing CO2 greenhouse gas – a 
claim usually reserved for processes using 
cyanobacteria and algae.

B. Comparative Rp. palustris Genomics

As of 2012, the genome sequences for seven 
Rp. palustris strains were available – more 
than any other PNSB species (genomes 
sequences were available for five Rb. 
sphaeroides strains, two Rs. rubrum 
strains, and single strains of several other 
PNSB species). Furthermore there are 
genome sequences available for 14 
Bradyrhizobium species, which are more 
closely related to Rp. palustris than most 
PNSB are. In BLAST alignments performed 
in 2008, less than 1 % of the genes in a given 
Rp. palustris genome had top hits to Rb. 
sphaeroides or Rs. rubrum but about 80 % 
of the genes had a top hit to a Bradyrhizobium 
or Nitrobacter (excluding comparisons 
with other Rp. palustris genomes) (Oda 
et al. 2008). A specialized visual tool for 
 comparing the first six Rp. palustris 
genomes to be sequenced is publically 
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available (http://public.tableausoftware.com/
views/rhodo_palustris/uniquepfam2strain) 
(Simmons et al. 2011) as well as more general 
web-based resources for comparative genom-
ics such as Integrated Microbial Genomes 
(http://img.jgi.doe.gov/). Comparative geno-
mic analysis between Rp. palustris CGA009, 
closely related strain TIE-1, and four strains 
isolated from the Netherlands: BisA53, 
BisB5, BisB18, HA2 (with the two BisB 
strains isolated from the same half-gram of 
sediment) have been described (Oda et al. 
2008; Simmons et al. 2011). About half of 
the genes were shared by all five strains 
while 10–18 % of the genes in each genome 
were strain specific. Surprisingly, the two 
strains isolated from the same half-gram of 
sediment shared fewer orthologs than any 
other comparison.

Overall, the genome of each strain sug-
gested a specialization to a specific environ-
ment. Some of these specializations present 
potentially beneficial features for H2 produc-
tion. CGA009 was the only strain found to 
encode three nitrogenase isozymes (more 
recently sequenced strains, TIE-1 and DX-1, 
are missing the V-nitrogenase). CGA009 is 
thus specialized for H2 production in diverse 
environments, with the potential to activate 
all three enzymes through genetic engineer-
ing. The V-nitrogenase in CGA009 was likely 
acquired by horizontal gene transfer. One 
comparative genomic study highlighted the 
presence of an aquaporin in CGA009 and 
BisB5 that could impart an advantage under 
freezing conditions, whereas the other strains 
lacking the aquaporin could have an advan-
tage in an environment with high sugar 
concentrations (Simmons et al. 2011). Strain 
BisB18 showed some capacity for fermen-
tative metabolism, encoding pyruvate 
formate- lyase and formate hydrogen-lyase. 
Rs. rubrum also encodes a fermentative 
hydrogenase that allows it to produce H2 
from CO in the dark (Fox et al. 1996b). This 
fermentative capacity raises the possibility 
of producing hydrogen both via nitrogenase 
and hydrogenase, which has been shown to 
result in a twofold higher H2 yield when the 
Rs. rubrum hydrogenase was expressed in 

Rb. sphaeroides (Kim et al. 2008). BisB18 
also has the ability to grow on methanol. 
Strain BisB5 encoded a larger repertoire of 
enzymes for degrading aromatic compounds 
under anaerobic conditions, perhaps making 
it ideally suited for using lignin monomers as 
a renewable feedstock for H2 production. 
Strain BisA53 was able to absorb light at 
additional wavelengths not absorbed by the 
other strains, giving it the potential to have a 
higher efficiency in converting light energy 
into chemical H2 energy by harnessing more 
of the light spectrum. As mentioned above, 
TIE-1 can potentially use Fe2+ as an electron 
source for H2 production while fixing CO2. 
CGA009 was unable to use Fe2+ as an elec-
tron donor despite encoding the necessary 
pio operon. BisB18 and BisA53 also encode 
the pio operon but growth on Fe2+ has not 
been tested. Finally, strain DX-1 is reported 
to interact with electrodes in a microbial fuel 
cell allowing for electricity generation (Xing 
et al. 2008) which can also be converted to 
H2 via electrolysis (Cheng and Logan 2007).

The genome sequences of various PNSB 
genomes have revealed an impressive inven-
tory of metabolic and physiological attri-
butes that allow for the production of H2 
under a wide range of conditions. However, 
this metabolic versatility also introduces a 
challenge to identify and harness attributes 
that would enhance H2 production while dis-
tinguishing them from those attributes that 
would work against H2 production.

III. Deciphering and Engineering  
the Metabolic and Regulatory 
Mechanisms Involved in H2 
Production

A. Regulation of Nitrogenase 
in Response to NH4

+

Although PNSB can photosynthetically gen-
erate ample ATP to run nitrogenase, the 
enzyme is subject to negative feedback by 
NH4

+ (and other nitrogen compounds) at 
multiple levels. Nitrogenase is a complicated 
enzyme. It requires over 20 accessory genes 
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for its proper assembly and the individual 
subunits of the active enzyme must associate 
and disassociate eight times in one catalytic 
cycle to convert one N2 into 2 NH4

+, expend-
ing 16 ATP in the process. Thus, any microbe 
has good reason not to synthesize the enzyme 
if it can obtain NH4

+ from the environment.
The inhibition of nitrogenase in response to 

NH4
+ in PNSB has been most intensively stud-

ied in Rs. rubrum (Munk et al. 2011) (the 
PNSB in which nitrogenase was first discov-
ered by Howard Gest (Gest 1999)) and Rb. 
capsulatus (Masepohl et al. 2002). Nitrogenase 
regulation has also been  examined in other 
PNSB with seemingly subtle but sometimes 
important differences. Nitrogenase regulation 
is closely tied to the intracellular levels of 
α-ketoglutarate (αKG) and glutamine, which 
respectively signal nitrogen starvation and 
abundant NH4

+. Both of these signal metabo-
lites serve as substrates for the enzyme that sets 
the stage for most of the aminotransferase reac-
tions in the cell: glutamine 2-oxoglutarate ami-
notransferase or GOGAT (note: 2-oxoglutarate 
is another name for αKG). As depicted in 
Fig. 7.2 the enzyme transfers an amino group 
from glutamine to αKG, producing two 
 molecules of glutamate. Glutamate then serves 
as the amino donor for the synthesis of nearly 
all amino acids. If NH4

+ is  abundant, glutamine 

synthetase provides ample glutamine to move 
the GOGAT reaction forward (Fig. 7.2). If 
NH4

+ is low, then the GOGAT reaction stalls, 
waiting for glutamine substrate. As a result, 
αKG accumulates and triggers a nitrogen star-
vation response including the synthesis of 
nitrogenase. The ratio of αKG to glutamine is 
first sensed by the uridylyltransferase, GlnD. 
GlnD then transmits the nitrogen status through 
the uridylylation state of small trimeric signal 
transduction proteins called PII proteins. PII 
proteins are uridylylated by GlnD when αKG is 
abundant and de-uridylylated by GlnD when 
glutamine is abundant. The PII uridylylation 
state determines how they will interact with 
downstream regulatory proteins involved in 
nitrogen metabolism.

In general for PNSB, the PII proteins are 
involved in nitrogenase regulation at three 
levels (Fig. 7.3): (i) transcriptional regula-
tion involving the two-component regulatory 
system NtrBC, (ii) transcriptional regulation 
involving the σ54-enhancer-binding protein 
NifA, and (iii) post-translational covalent 
modification of nitrogenase by DraT and 
DraG. When NH4

+ is scarce and αKG accu-
mulates, the uridylylated PII proteins cannot 
interact with NtrB. NtrB is then free to 
 phosphorylate NtrC. Phosphorylated NtrC 
then activates the transcription of a regulon 

Fig. 7.2. The ammonium assimilation cycle. The nitrogen status of the cell (abundant ammonium or nitrogen 
starvation) is signaled through the levels of the two substrates for the glutamine 2-oxoglutarate aminotransferase 
(GOGAT) reaction: αKG and glutamine. The reaction produces two glutamate. Glutamate serves as an amino 
donor for the synthesis of nearly all amino acids via transaminase reactions. If NH4

+ is scarce, glutamine cannot 
be synthesized via glutamine synthetase and αKG accumulates, signaling nitrogen starvation and nitrogenase is 
expressed.

7 Systems Biology of Photobiohydrogen



164

involved in nitrogen starvation, including 
nifA, which encodes the master transcrip-
tional activator of nitrogenase. PII proteins 
are also generally thought to interact with 
NifA and during nitrogen-starvation cause 
NifA to bind to the enhancer of the nitroge-
nase operon, leading to the expression of 
nitrogenase and its many accessory proteins. 
Once nitrogenase is expressed and active 
there is a post-translational mechanism to 
switch off its activity in response to ammo-
nium. If NH4

+ becomes available, deuridy-
lylated PII proteins interact with DraT, which 
adds an ADP-ribosyl group to nitrogenase, 
preventing its activity. If NH4

+ becomes 
scarce before the inactivated nitrogenase is 
degraded, DraG can reactivate nitrogenase 
by removing the ADP-ribosyl groups.

The above regulatory network presented a 
major hurdle for photobiological production 
of H2. In the lab, environmental conditions 
can be easily modified to induce nitrogenase 
expression. For example, providing gluta-
mate as the nitrogen source and omitting N2 
gas (e.g., by growing cultures under argon) is 
a common method used to induce nitroge-
nase activity and maximize its hydrogenase 
activity. This technique carries over from the 
serendipitous discovery of nitrogenase in 
PNSB where Howard Gest observed H2 pro-
duction because he used a growth medium 
with glutamate as the sole nitrogen source 
(Gest 1999). However, most PNSB-based 
strategies for H2 production envision using 
agricultural or industrial waste as a feedstock. 
These wastes invariably contain nitrogen 
compounds at concentrations that can repress 
nitrogenase and therefore H2 production 
(Adessi et al. 2012). Overcoming this com-
plicated and multilayered nitrogenase regula-
tory network appeared to be a monumental 
task. However, in Rp. palustris all that was 
necessary was a single nucleotide change.

B. Bypassing the Repression of 
Nitrogenase in Response to NH4

+

The repression of nitrogenase in response 
to NH4

+ is entirely due to regulatory mecha-
nisms. The repression is not a direct  chemical 
or thermodynamic effect of NH4

+. To bypass 
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Fig. 7.3. Nitrogenase is regulated at three levels. (1) In 
the presence of NH4

+ PII proteins respond to high gluta-
mine levels and prevent phosphorylation of NtrC by NtrB. 
During nitrogen starvation, high α-ketoglutarate levels 
lead to the uridylylation of PII proteins and allow NtrB 
to phosphorylate NtrC. NtrC then promotes the transcrip-
tion of genes involved in nitrogen fixation, including nifA. 
(2) PII proteins respond to the nitrogen status of the cell 
and either allow or prevent NifA from activating the tran-
scription of nitrogenase-encoding genes. (3) Nitrogenase 
enzyme activity can be switched off if glutamine levels 
rise. PII proteins interact with DraT, which halts nitro-
genase activity by adding ADP- ribosyl groups to nitro-
genase. If α-ketoglutarate levels rise, PII proteins are 
uridylylated and DraG removes the ADP-ribosyl groups 
to allow nitrogenase activity to continue (Reprinted with 
permission from the American Society for Microbiology 
(Microbe, January 2006, p. 20–24)).
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this regulatory network in Rp. palustris the 
Harwood lab applied a strong selective pres-
sure for spontaneous mutations that would 
require Rp. palustris to produce H2 to grow 
(Rey et al. 2007). Since the 1930s it has been 
known that PNSB require an electron accep-
tor to grow photosynthetically on organic 
compounds that contain more electrons per 
carbon than the average carbon in cellular 
biomass (Muller 1933). The cell must dis-
pose of these excess electrons in order to 
maintain a pool of oxidized electron carrier 
molecules (e.g., NAD+) required by crucial 
metabolic reactions. CO2 is the traditional 
electron acceptor used in most experiments 
but the production of H2 also suffices for 
eliminating excess electrons (McKinlay and 
Harwood 2011). The Harwood lab used this 
knowledge to select for Rp. palustris strains 
that constitutively produce H2 by incubating 
cells in growth medium with NH4

+ and an 
electron rich carbon source but without CO2. 
After several months under constant illumi-
nation, some cultures suddenly grew and 
produced H2 in the presence of NH4

+ (Rey 
et al. 2007). Sequencing genes involved in 
nitrogenase regulation revealed that each 
mutant had a single nucleotide change in 
nifA – the gene encoding the master tran-
scriptional activator of nitrogenase. A single 
nucleotide was confirmed to be all that was 
necessary for constitutive H2 production by 
introducing the mutated gene into a wild-
type genetic background. These mutants that 
produce H2 constitutively are called NifA* 
strains. Since then a NifA* strain containing 
a 48-nucleotide deletion in nifA was con-
structed and has a more stable phenotype 
than the original spontaneous NifA* strains 
(McKinlay and Harwood 2010a).

It is remarkable that a single nucleotide 
change could bypass the entire nitrogenase 
regulatory network. As it turns out, this is a 
feature that may be unique to Rp. palustris. 
In Rs. rubrum a similar nifA mutation is 
required but the DraT activity must also be 
disrupted to prevent post-translational 
repression (Zou et al. 2008). Microarray and 
genetic approaches have been used to deter-
mine why nitrogenase is not switched off in 
Rp. palustris NifA* strains. In Rp. palustris, 

NtrBC activates the expression of the PII 
protein, GlnK2 (one of three PII proteins 
encoded in the CGA009 genome) which in 
turn controls DraT2 (one of two DraT pro-
teins encoded in the genome) (Heiniger et al. 
2012). When Rp. palustris is growing by N2 
fixation, NtrC is phosphorylated and GlnK2 
is expressed. Under these conditions, the 
introduction of NH4

+ causes GlnD to remove 
the uridylyl groups from GlnK2, and GlnK2 
can activate DraT2 to switch off nitrogenase. 
However, when NifA* cells are grown with 
NH4

+ (i.e., prolonged exposure to NH4
+), 

NtrC is not phosphorylated and GlnK2 lev-
els are low. Thus, there is insufficient GlnK2 
to activate the switch off mechanism in 
NifA* strains grown with NH4

+. When 
NifA* cells are grown with N2 and then 
exposed to NH4

+, a switch off response 
occurs but it is not nearly strong enough to 
prevent H2 production. One reason for this 
low switch off activity appears to be insuffi-
cient DraT2 to completely switch off nitro-
genase in NifA* strains. Comparisons of 
NifA* strains grown with NH4

+ to wild-type 
cells grown with N2 show that nitrogenase 
activity is about threefold higher in NifA* 
strains while DraT2 levels are similar. 
Indeed, expressing both glnK2 and draT2 
from a plasmid in the NifA* strain resulted 
in H2 production levels at 22 % that of the 
NifA* strain with an empty vector (Heiniger 
et al. 2012). Knocking out draT2 resulted in 
a 1.3-fold increase in H2 production indicat-
ing that NifA* strains were still subject to a 
low level of switch-off activity when grown 
with NH4

+ (Heiniger et al. 2012).
Microarray analysis of NifA* strains has 

also been useful in defining the NifA regulon. 
When Rp. palustris is switched from growth 
on NH4

+ to N2, over 200 genes are differen-
tially expressed – about 4 % of the genome 
(Oda et al. 2005). However, microarray com-
parisons between the NifA* strain and the 
wild type, both grown with NH4

+, show that 
only 18 genes outside of the nitrogenase 
gene cluster increase their expression levels 
(Rey et al. 2007). Thus, it appears that most 
of the genes involved in N2 fixation are not 
essential for the functioning of nitrogenase 
but are more likely part of a broad response to 
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nitrogen starvation. In contrast, the small 
 regulon revealed by the NifA* strains poten-
tially points to genes that are involved in 
nitrogenase function, and therefore H2 pro-
duction. These genes encode proteins that 
could form novel electron transfer chains 
delivering electrons to nitrogenase or in iron 
scavenging and storage to meet the high iron 
demands of a large pool of functional nitro-
genase (Rey et al. 2007). Proteomic analysis 
of Rp. palustris also pointed to the  importance 
of iron acquisition for nitrogenase activity 
with the detection of 14 different TonB-
dependent iron transporters (VerBerkmoes 
et al. 2006). Other genes upregulated in the 
NifA* strains included those encoding light 
harvesting complex II proteins, perhaps to 
meet the energetic demands of nitrogenase, 
and hypothetical proteins of unknown func-
tion (Rey et al. 2007).

C. Identifying and Eliminating Pathways 
That Compete with H2 Production

In addition to the increased expression levels 
of 18 genes in NifA* strains, microarray com-
parisons also indicated that several genes had 
lower transcript levels in the NifA* strains 
compared to wild-type (Rey et al. 2007). 
Among these genes were those encoding the 
CO2-fixing Calvin cycle (Fig. 7.4).

Similar decreases in Calvin cycle gene 
expression were observed during N2 fixation/
H2 production in microarray analyses of Rb. 
sphaeroides (Kontur et al. 2011). The Calvin 
cycle is best known for its role in allowing 
autotrophic organisms like plants, algae, and 
some bacteria to grow on CO2 as the sole 
carbon source at the expense of ATP and 
reductant. In PNSB, the Calvin cycle also 
functions to maintain electron balance dur-
ing photosynthetic growth on organic com-
pounds (photoheterotrophic growth; 
Fig. 7.1a). When PNSB grow photohetero-
trophically, the organic substrates are oxi-
dized, resulting in reduction of electron 
carriers such as NAD(P)+ to NAD(P)H. In 
respiring organisms, this reductant would be 
oxidized by H+-pumping electron transfer 
chains, intimately associated with the formation 

of ATP. In photoheterotrophic PNSB, ATP 
is formed by cyclic photophosphorylation, 
without the need for a terminal electron 
acceptor. Even so, the reduced electron carri-
ers must be oxidized to maintain metabolic 
flow and avoid cell death. By fixing CO2 
via ribulose 1,5 bisphosphate carboxylase 
(Rubisco), the Calvin cycle eventually forms 
glyceraldehyde-3-phosphate that can accept 
electrons from NAD(P)H. The CO2 ‘electron 
acceptor’ is ultimately incorporated into 
 biomass. Elimination of Calvin cycle genes 
encoding Rubisco and phosphoribuokinase 
can disable PNSB from growing on organic 
carbons sources. However, growth of such 
Calvin cycle mutants can be rescued by the 
addition of electron acceptors or by allowing 
the cells to rid themselves of excess elec-
trons through H2 production (Hallenbeck 
et al. 1990a, b; Falcone and Tabita 1991; 
McKinlay and Harwood 2010a). In fact, 
uncharacterized constitutive H2-producing 
strains of Rb. sphaeroides were obtained 

Fig. 7.4. Calvin cycle gene expression levels are lower 
during H2 production. Examples for Type I Rubisco 
transcript levels (cbbL) determined by RT-qPCR analy-
sis are shown for wild-type Rp. palustris (green) and a 
H2-producing NifA* strain (blue) grown in the presence 
of NH4

+ on substrates having different electron con-
tents (McKinlay and Harwood 2011). Similar trends 
were observed for other Calvin cycle genes in other 
NifA* strains and in wild-type during N2 fixation by 
microarray analysis (McKinlay and Harwood 2010a) 
(Figure reproduced and amended with permission 
from the American Society for Microbiology under a 
Creative Commons Attribution Non-commercial Share 
Alike license (McKinlay and Harwood 2011)).
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through the long-term incubation of Rubisco 
mutants (Joshi and Tabita 1996) – a similar 
strategy to what the Harwood lab used to 
obtain NifA* strains of Rp. palustris (Rey 
et al. 2007). An electron balancing activity 
such as the Calvin cycle or H2 production is 
required for photoheterotrophic growth even 
on organic compounds that have less elec-
trons per carbon than the average carbon in 
cellular biomass. In the absence of added 
CO2, Rp. palustris relies on a Rubisco type I 
enzyme to scavenge CO2 released by oxida-
tive metabolic pathways rather than the 
Rubisco type II enzyme it encodes, as indi-
cated by proteomic analysis and followed up 
with biochemical and mutational approaches 
(VerBerkmoes et al. 2006; Joshi et al. 2009). 
These results are consistent with Rubisco 
type I having a higher affinity for CO2 than 
the type II enzyme (Tabita 1988).

Recent observations with Rs. rubrum 
have led to the argument that preventing 
Rubisco activity results in an accumulation 
of ribulose- 1,5-bisphosphate and it is the 
toxic effect of this compound rather than an 
inability to maintain electron balance that 
disrupts growth (Wang et al. 2011). As 
observed in other PNSB, a Rubisco mutant 
of Rs. rubrum had severe growth defects 
(Wang et al. 2010, 2011). However, knock-
ing out phosphoribulokinase, the enzyme 
that produces the ribulose 1,5-bisphosphate 
substrate for Rubisco, restored normal 
growth (Wang et al. 2011). Though toxic 
accumulation of ribulose- 1,5- bisphosphate 
could disrupt growth it does not rule out the 
fact that electrons must be balanced to obey 
conservation of mass. We have since con-
firmed the observations made with Rs. 
rubrum and suggest that it has alternative 
mechanisms to maintain electron balance 
since phosphoribulokinase mutants of other 
PNSB including Rp. palustris (G.C. Gordon 
and J.B. McKinlay, unpublished), Rb. sphaer-
oides (Hallenbeck et al. 1990a), and Rb. 
capsulatus (Öztürk et al. 2012) do not grow 
or show severe growth defects under photo-
heterotrophic conditions with NH4

+.
Importantly, the Calvin cycle and H2 

 production are both vital mechanisms by 

which PNSB deal with excess electrons 
 during photoheterotrophic growth. Thus, 
because of their common roles they can 
potentially compete for reductant. Even 
though the Calvin cycle is down-regulated 
when nitrogenase is active (Fig. 7.4), the 
Calvin cycle could still consume electrons 
that could otherwise be used to produce H2. 
Rarely do genomic transcript levels correlate 
with metabolic activity in a quantitative 
manner. To determine the effect of the Calvin 
cycle on H2 production 13C-metabolic flux 
analysis or ‘fluxomics’ was performed. This 
approach provides a quantitative view of the 
in vivo flow of carbon (and associated elec-
trons and ATP) through a metabolic network. 
Metabolic flux distributions with and with-
out H2 production (i.e., NifA* vs wild-type 
Rp. palustris) were compared on four differ-
ent carbon sources having different oxida-
tion states – fumarate, succinate, acetate, and 
butyrate (McKinlay and Harwood 2011).

In the absence of H2 production, and in 
the absence of added CO2 or bicarbonate, the 
Calvin cycle fixes a significant amount of the 
CO2 released by other metabolic reactions as 
the organic carbon source is oxidized (i.e., 
ranging from 20 % on fumarate to 70 % on 
acetate). When H2 is produced, the Calvin 
cycle flux always decreased (Fig. 7.5a), 
 supporting the microarray observations 
(Fig. 7.4). However, the Calvin cycle flux 
magnitude depended on the carbon source 
used. For example, during growth on acetate, 
H2 production resulted in a Calvin cycle flux 
that was ~20 % of that in the absence of H2 
production (Fig. 7.5a). However, during 
growth on succinate, H2 production only 
resulted in a decrease of Calvin cycle flux to 
60 % of the level observed during the absence 
of H2 production. Thus, depending on the 
growth conditions the Calvin cycle can divert 
a considerable portion of available electrons 
away from H2 production. Calvin cycle flux 
was prevented by deleting the genes encod-
ing Rubisco enzymes resulting in increased 
H2 yields that were proportional in magni-
tude to the Calvin cycle fluxes observed in 
the parental NifA* strain (Fig. 7.5b). On 
some carbon sources such as succinate and 

7 Systems Biology of Photobiohydrogen



Fig. 7.5. The Calvin cycle competes with H2 production for electrons. (a) A comparison of metabolic fluxes 
between wild-type Rp. palustris (left) and an H2-producing NifA* strain (right) from 13C-metabolic flux analyses 
(13C-labeling experiments) show that there is less metabolic flow through the Calvin cycle (green arrows) when H2 
is being produced. Arrow thickness is proportional to the flux through corresponding pathway or reaction. Dotted 
arrows signify fluxes that are less than 5 molar percent of the acetate uptake rate. (b) When Calvin cycle flux is 
prevented by deleting the genes encoding Rubisco the H2 yields from the Calvin cycle NifA* mutant (yellow) are 
higher than the NifA* parent strain (blue). The green boxes show the 90 % confidence intervals for H2 yields that 
were predicted to result from eliminating Calvin cycle flux based on flux maps obtained for the four different carbon 
sources (Figures reproduced and amended with permission from the American Society for Microbiology under a 
Creative Commons Attribution Non-commercial Share Alike license (McKinlay and Harwood 2011)).
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butyrate, preventing Calvin cycle activity 
resulted in a twofold increase in the H2-yield 
(Fig. 7.5b) (McKinlay and Harwood 2011). 
This study illustrated how functional genom-
ics and systems biology approaches like 
fluxomics can be used to identify targets for 
improving product formation. Several in 
silico flux balance models of PNSB have 
also pointed to the importance of the Calvin 
cycle (and other reductive pathways includ-
ing sulfide production and an alternative 
CO2-fixing ethylmalonyl-CoA pathway 
found in some PNSB) in maintaining elec-
tron balance (Klamt et al. 2002; Hädicke 
et al. 2011; Imam et al. 2011; Rizk et al. 
2011). Although these models require more 
assumptions than those that incorporate 
experimental data from 13C-labeling experi-
ments, they can identify potentially good tar-
gets for metabolic engineering. Like other 
‘omics’ approaches, these models are most 
effective when resulting hypotheses are 
tested through follow up biochemical or 
mutational experiments and the resulting 
information used to refine the models.

An important benefit of producing H2 in 
the absence of the Calvin cycle is that forma-
tion of the desired product (i.e., H2) is 
required for cell viability by maintaining 
redox balance. This is a rare scenario for 
engineered biofuel-producing microbes. 
Typically, the production of the desired prod-
uct is at odds with cell growth. Thus, H2- 
producing PNSB strains that lack Calvin 
cycle activity may be unique examples of 
biofuel-producing microbes with a stable 
phenotype. However, one must always con-
sider that if a more efficient way to maintain 
electron balance exists, it will likely evolve. 
For example, a Rb. sphaeroides Calvin cycle 
mutant was reported to have evolved the 
ability to reduce sulfate to sulfide as an elec-
tron balancing mechanism instead of pro-
ducing H2 (Rizk et al. 2011). It is not clear 
whether this is indeed a more efficient means 
of dealing with excess electrons than pro-
ducing H2. Accumulation of internal polyhy-
droxybutyrate is also another potential 
alternative electron balancing mechanism 
(De Philippis et al. 1992; Imam et al. 2011). 

Knocking out this pathway in some 
PNSB has resulted in higher H2 yields 
(Yilmaz et al. 2010).

IV. Future Directions for a System- 
Level Understanding of 
Photobiological H2 Production

Systems biology approaches such as micro-
arrays and 13C-metabolic flux analysis have 
provided insights into how PNSB produce 
H2 and have guided the successful engineer-
ing of PNSB to improve H2 production. In 
the process, these approaches have also pro-
vided fundamental knowledge about the 
physiology of PNSB and the regulatory 
mechanisms that govern their diverse meta-
bolic modules. With advances in systems 
biology technologies we can expect further 
complementary insights into the fundamen-
tal and applied aspects of PNSB. As systems 
level experimental and computational 
approaches grow in popularity and garner 
more attention we must not lose sight of the 
importance of rigorous biochemical and 
genetic approaches, particularly in verifying 
the trends and testing the predictions that 
emerge from systems level approaches.

A. RNAseq Analysis of Coding 
and Non-coding RNAs

New sequencing technologies have made it 
cost-effective to sequence and count cDNA 
copies of transcripts in a process called 
RNAseq. A major challenge in RNAseq is 
to focus the sequencing power on non- 
ribosomal RNA molecules. Recently, a 
method called not-so-random (NSR) prim-
ing was developed, which uses a random 
selection of hexamer primers to convert 
RNA into cDNA, but excludes those 
sequences predicted to bind rRNA (Armour 
et al. 2009). This approach makes use of only 
1 μg of RNA. Combining NSR random hex-
amer primers with short 5′ barcode tags 
(e.g., so that multiple samples can be read 
per lane in an Illumina sequencer) also 
allows for directional sequencing and the 
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identification of antisense RNA molecules. 
This new method is being applied to Rp. 
palustris with results now starting to reach 
publication (Hirakawa et al. 2011).

Thus far, RNAseq has revealed an anti- 
sense transcript involved in the quorum sens-
ing response of Rp. palustris CGA009. Rp. 
palustris has an unusual quorum sensing 
system involving production of a homoser-
ine lactone with an aromatic side chain 
instead of a typical acyl side chain (Schaefer 
et al. 2008). Interestingly this aromatic 
p-coumaryl homoserine lactone signal is 
only made when aromatic compounds like 
p-coumarate are provided (Rp. palustris can-
not synthesize p-coumarate itself). The 
RNAseq analysis revealed a small transcript 
that is anti-sense to rpaR which encodes the 
quorum sensing receptor/regulatory protein 
(Hirakawa et al. 2011). A follow up study 
confirmed the antisense activity of this tran-
script as it repressed the expression of rpaR 
and therefore production of the quorum 
sensing signal (Hirakawa et al. 2012).

Aside from the antisense transcript, this 
single use of RNAseq on Rp. palustris 
revealed several intergenic regions that are 
differentially expressed and could encode 
small RNA molecules (sRNA) (Hirakawa 
et al. 2011). A computational approach was 
also used to predict sRNA coding regions, 
four of which were confirmed to exist using 
RNA gel blots (Madhugiri et al. 2012). Non- 
coding RNAs are receiving increasing atten-
tion for their regulatory roles in diverse 
prokaryotes (Gottesman 2005). sRNAs add 
an additional layer of complexity that must 
be understood to successfully engineer a 
microbial system. sRNA and other func-
tional RNAs including aptamers and ribo-
switches also offer the potential for new 
tools to redirect metabolic flux towards 
desired products like H2 (Win et al. 2009).

B. Proteomic Analysis of Post- 
translational Regulatory Mechanisms

Though traditional transcriptomics and pro-
teomics have made invaluable contributions 
to our understanding and application of 

microbial systems, these functional genomic 
approaches often do not explain phenotypic 
trends, such as metabolic flux. For example, 
a study that compared multiple omics with 
various E. coli mutants found that it was an 
exception, rather than the rule, for transcrip-
tomics, proteomics, and metabolomics data 
sets to correlate with metabolic fluxes 
(Ishii et al. 2007). Metabolic fluxes are often 
determined by thermodynamics, kinetic 
parameters, and through post-translational 
modifications of the enzymes.

Mass spectrometry has been used to exam-
ine post-translational modifications of spe-
cific proteins in Rp. palustris. For example, 
focusing on the regulation of nitrogenase 
(and therefore H2 production) the uridy-
lylation state of the three Rp. palustris PII 
proteins, GlnK1, GlnK2, and GlnB were 
examined in the presence and absence of 
ammonium (Connelly et al. 2006). In the 
future, mass spectrometry-based proteomic 
analyses will likely target post-translational 
modifications on a systems scale. For exam-
ple, Crosby et al. recently used such a 
 proteomic approach to identify N-lysine acet-
ylated proteins in Rp. palustris (Crosby et al. 
2012). N-lysine acylation (i.e., modification 
of lysine residues with acetyl from acetyl-
CoA, or in some cases, propionyl, butyryl, 
succinyl, or malonyl groups) can be used to 
activate or deactivate activity of a wide vari-
ety of proteins in both prokaryotes and 
eukaryotes with deacylation having the oppo-
site effect (Albaugh et al. 2011; Kim and 
Yang 2011). In Rp. palustris, biochemical 
and mutational analyses had previously 
revealed that N-lysine acetylation inhibits 
activity of three enzymes involved in degra-
dation of lignin monomers such as benzoate 
and cyclohexanecarboxylate, and deacety-
lation reactivates these enzymes (Crosby 
et al. 2010). The proteomics analysis origi-
nally identified hundreds of potential tar-
gets for acylation. However, after stringent 
parameters were applied to the screen, requir-
ing that acetylated proteins be identified by 
two different proteomics software packages 
and that proteins show elevated levels of 
acylation in a mutant strain lacking two 
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known deacetylases, 14 candidate acetylation 
targets were identified. Biochemical assays 
then verified that nine of these proteins were 
actual targets for acetylation by two known 
Rp. palustris acetyltransferases (Crosby et al. 
2012). One of the candidate proteins (that 
was not a target for the known acetyltransfer-
ases) was glyceraldehyde-3- phosphate dehy-
drogenase – a key enzyme of the Calvin cycle 
and other metabolic pathways. The impor-
tance of the acetylation of this enzyme and 
others identified in the study for Rp. palustris 
physiology and H2 production have not yet 
been reported.

C. Global Identification and 
Characterization of Ligand-Binding Proteins

Part of the metabolic versatility of PNSB 
involves their ability to use a wide range of 
organic and inorganic substrates. Rp. palus-
tris was the focus of a recent study that 
attempted to characterize all of the solute- 
binding proteins associated with transporters 
in the cell (Giuliani et al. 2011). 107 genes 
encoding candidate Rp. palustris solute 
binding proteins were expressed in E. coli, 
75 of the resulting proteins were screened 
and ligands were ultimately identified for 45 
proteins. The proteins were assayed for their 
ability to bind compounds in a fluorescence- 
based thermal shift assay using a library of 
small molecules including metals, aromatic 
compounds, amino acids, fatty acids, and 
other compounds. Related to H2 production, 
this approach identified a vanadate trans-
porter that is likely important for supplying 
vanadium required by V-nitrogenase. This 
gene product was previously incorrectly 
annotated as a phosphate transporter. Two 
solute binding proteins were found to bind a 
wide range of fatty acids, and not coinciden-
tally, were encoded near the pimFABCDE 
gene cluster encoding enzymes for the 
β-oxidation of a broad range of fatty acids 
(Harrison and Harwood 2005; Giuliani et al. 
2011). The screen also identified six gene 
products capable of binding aromatic com-
pounds. These proteins are therefore poten-
tially important for H2 production from 

lignin monomers. Four of these proteins 
were further studied to determine their ther-
modynamic and structural properties using 
isothermal calorimetry and small/wide angle 
X-ray scattering (Pietri et al. 2012). The data 
was used to guide the development of struc-
tural models that may prove useful for iden-
tifying aromatic compound-binding proteins 
based on sequences in other genomes (Pietri 
et al. 2012).

A surprising result to emerge from the 
screen was that only 11 gene products bound 
ligands that were predicted from their origi-
nal annotation (Giuliani et al. 2011). This 
study is therefore invaluable for refining our 
knowledge of the function of poorly anno-
tated gene products – knowledge that can 
ideally be extended to other genomes.

D. The Physiology of Non- 
growing Cells – Approaching the 
Maximum Theoretical H2 Yield

Although advances have been made in under-
standing and engineering Rp. palustris to pro-
duce H2, most work has focused on producing 
H2 using growing cells – in other words, cells 
that are dedicating electrons to biosynthesis 
that could otherwise be used to produce H2. 
Even the NifA* Calvin cycle mutants only 
use 20–36 % of the consumed electrons for H2 
production and the rest are almost exclusively 
used for biosynthesis (McKinlay and Harwood 
2011). Certainly biosynthesis must occur to 
have biocatalysts to produce H2, and the cells 
themselves may even have value as fertilizer 
or animal feed (Honda et al. 2006). However, 
once cell numbers accumulate, there are great 
advantages to using them to produce H2 in a 
 non- growing state. First, when growth is pre-
vented by nitrogen starvation, wild-type 
CGA009 will divert about 50 % of the elec-
trons from acetate to H2 and up to 75 % to H2 
from an inorganic substrate like thiosulfate 
(Huang et al. 2010). Second, Rp. palustris is 
ideally suited for long-term use in a non- 
growing state. As long as Rp. palustris is illu-
minated, it can repeatedly energize and recycle 
electrons through an electron  transfer chain, 
maintaining a proton motive force and ATP 
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pools to repair itself. This ability to maintain 
itself may explain why no classical stress pro-
teins were detected in a proteomics analysis of 
stationary phase (carbon-starved) Rp. palus-
tris cells (VerBerkmoes et al. 2006). Rp. 
palustris cells have been immobilized in arti-
ficial latex biofilms and maintained in a non-
growing state for months at a time. These 
biological solar panels remained metaboli-
cally active when transferred between batches 
of fresh medium losing little activity after the 
first 6 days maintaining H2 productivity at 
2.08 ± 0.08 mmol H2 m−2 h−1 for over 5 months 
(Gosse et al. 2010). It is worth noting that the 
mode of starvation can greatly influence H2 
yields. Unlike the favorable effects of nitro-
gen starvation on H2 production, sulfur star-
vation did not result in high H2 yields but 
rather favored polyhydroxybutyrate synthesis 
(Melnicki et al. 2008).

Techniques such as RNAseq and recent 
advances in 13C-metabolic flux analysis pro-
cedures (Rühl et al. 2012) have facilitated 
our ability to examine non-growing cells. 
Such approaches are expected to reveal novel 
targets for improving H2 yields by non- 
growing cells and to lead to a better general 
understanding of the physiology of bacteria 
under stressful starvation conditions.

E. Non-biased Interpretation and 
Utilization of Systems Biology Data

Though the immense volumes of data from 
systems biology is undeniably useful, is also 
introduces a challenge in effectively interpret-
ing the data and applying it to a given  problem. 
For example, when comparing transcriptomic 
datasets in which gene expression levels vary 
for hundreds of genes it is impractical to fol-
low up on each and every variation. Thus, 
experimenters tend to focus on well-annotated 
and characterized gene products than genes of 
unknown function. As a result, some poten-
tially important aspects of microbial physiol-
ogy are overlooked and metabolic engineering 
efforts are heavily weighted on hypotheses 
that can be biased by a researcher’s back-
ground knowledge. However, there are 
approaches to  identify targets on a  systems 

scale without introducing experimenter bias. 
For example, screening transposon mutant 
libraries can link a gene of unknown function 
to a phenotype. Such approaches have turned 
up useful targets for metabolic engineering 
E. coli for lycopene production (Alper et al. 
2005). Integrating systems biology approaches 
such as genomic variation with transcriptomic 
data can also highlight key drivers of complex 
functions through predictions of causal rela-
tionships (Schadt et al. 2005). This approach 
led to the identification of three genes previ-
ously not known to be involved in obesity in 
mice, which were validated through analyses 
of mice with mutations in these genes (Schadt 
et al. 2005). It may be possible to use similar 
approaches to identify key, and potentially 
unexpected, drivers of H2 production in PNSB. 
Identifying targets that an experimenter would 
not otherwise predict is not only useful for 
improving  product formation but can lead to a 
functional characterization of gene products 
with previously unknown function and define 
their role in the greater context of microbial 
physiology.
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  Summary 

   Extremely thermophilic, carbohydrate-utilizing bacteria from the genus  Caldicellu-
losiruptor  should be considered for biohydrogen production to take advantage of their broad 
growth substrate range and high substrate conversion effi ciency. In fact,  Caldicellulosiruptor  
species produce molecular hydrogen at yields approaching the Thauer limit of 4 mol H 2 /mol 
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glucose equivalent.  Caldicellulosiruptor  species can utilize pentoses, hexoses, di/oligosac-
charides, as well as complex polysaccharides, including crystalline cellulose. The broad 
appetite of these organisms relates to the natural environment of  Caldicellulosiruptor , where 
they thrive at high temperatures (65–78 °C), utilizing the variable saccharide composition of 
lignocellulosic biomass as growth substrate. The ability to degrade recalcitrant plant bio-
mass and utilize a wide variety of polysaccharides in their fermentation pathways sets 
 Caldicellulosiruptor  species apart from many other candidate biofuel-producing microor-
ganisms. The conversion of lignocellulose to fuels in  Caldicellulosiruptor  is driven by an 
array of novel multi-domain glycoside hydrolases that work synergistically to degrade plant 
polysaccharides into oligo/monosaccharides that enter the cytoplasm via an array of carbo-
hydrate specifi c ABC sugar transporters. These carbohydrates are then processed through a 
series of catabolic pathways, after which they enter the EMP pathway to produce reducing 
equivalents in the form of NADH and Fdred. The reducing equivalents are ultimately utilized 
by both cytoplasmic and membrane-bound hydrogenases to form molecular hydrogen. 
Recently completed genome sequences for a number of  Caldicellulosiruptor  species have 
revealed important details concerning how plant biomass is deconstructed enzymatically 
and shown signifi cant diversity within the genus with respect to lignocellulose conversion 
strategies.      

 Abbreviations:        ABC   –    ATP binding cassette;       ADH   – 
   Alcohol dehydrogenase;      CAZy   –    Carbohydrate-active 
enzyme;      CBM   –    Carbohydrate binding module;      CCR   
–    Carbon catabolite repression;      CE   –    Carbohydrate 
esterase;      CUT   –    Carbohydrate uptake;      DPP   – 
   Di-peptide;      EMP   –    Embden-Meyerhoff-Parnas;      FD red    
–    Reduced ferredoxin;      GH   –    Glycoside hydrolase;    
  LDH   –    Lactate dehydrogenase;      OPP   –    Oligo-peptide;    
  PL   –    Polysaccharide lyase;      PPP   –    Pentose phosphate 
pathway;      PTS   –    Phosphoenolpyruvate-dependent 
phosphotransferase;      SLH   –    S-layer homology;      TCA   – 
   Tricarboxylic acid    

    I. Introduction 

 The genus  Caldicellulosiruptor  is comprised 
of extremely thermophilic, gram-positive 
bacteria with optimal growth temperatures 
between 65 and 78 °C (Blumer-Schuette 
et al.  2010 ; Hamilton-Brehm et al.  2010 ). 
Members of the genus are associated with 
plant debris in high temperature terrestrial 
hot springs and mud fl ats worldwide 
(Fig.  8.1 ). Currently, eight  Caldicellulo-
siruptor  species have sequenced genomes, 
providing important insights into the meta-
bolic and physiological traits of these 
extreme thermophiles (van de Werken et al. 

 2008 ; Kataeva et al.  2009 ; Elkins et al.  2010 ; 
Blumer-Schuette et al.  2011 ). Common to all 
species is the capability to convert complex 
polysaccharides into simple sugars, which 
are then fermented to molecular hydrogen, 
acetate, lactate and small amounts of alcohol 
(Rainey et al.  1994 ; Ahring  1995 ; Huang 
et al.  1998 ; Bredholt et al.  1999 ; 
Miroshnichenko et al.  2008 ; Hamilton- 
Brehm et al.  2010 ; Yang et al.  2010 ). 
 Caldicellulosiruptor  species have potential 
importance for biofuels production, since 
they produce H 2  near the Thauer limit of 
4 mol H 2  per mol glucose (Ivanova et al. 
 2009 ; de Vrije et al.  2009 ; Zeidan and van 
Niel  2010 ; Willquist and van Niel  2012 ).

   The long list of complex polysaccharides 
serving as growth substrates for members 
of the genus  Caldicellulosiruptor  includes 
α- and β-glucans, mannans, xylans, pectin 
and, for some species, crystalline cellulose 
(Rainey et al.  1994 ; Ahring  1995 ; Huang 
et al.  1998 ; Bredholt et al.  1999 ; Mirosh-
nichenko et al.  2008 ; Hamilton- Brehm et al. 
 2010 ; Yang et al.  2010 ; Blumer- Schuette 
et al.  2012 ). The genus collectively contains 
106 glycoside hydrolases (GH), representing 
43 GH families, and an array of ATP-binding 
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cassette (ABC) transporters belonging to 
the Carbohydrate Uptake 2 (CUT 2), Carbo-
hydrate Uptake 1 (CUT 1), and Di/Oligo-
peptide (Dpp/Opp) families (Vanfossen et al. 
 2009 ). These GHs and transporters are 
deployed to synergistically process complex 
polysaccharides prior to entering into fer-
mentation pathways (Blumer-Schuette et al. 
 2012 ). While many microorganisms prefer-
entially utilize hexose over pentose sugars 
and often exhibit carbon catabolite repres-
sion (CCR) (Gancedo  1998 ; Brückner and 
Titgemeyer  2002 ), this is not the case for 
 Caldicellulosiruptor  species (Vanfossen et al. 
 2009 ). The lack of CCR makes  Caldi cellu-
losiruptor  species especially promising in 
decomposing characteristically heteroge-
neous plant biomass to molecular hydrogen. 

 Although the discovery and initial isola-
tion of  Caldicellulosiruptor  species ( C. sac-
charolyticus  formerly  Caldocellum saccharo- 
lyticum ) occurred more than 20 years ago 
(Donnison et al.  1986 ; Rainey et al.  1994 ), it 
was only within the past 5 years, concomi-
tant with the increased interest in biofuels, 
that these bacteria have received intense 
interest. An overview of current progress in 
studying  Caldicellulosiruptor  is provided 

here, with an eye towards how these bacte-
ria produce molecular hydrogen from com-
plex carbohydrates, especially lignocellulosic 
biomass.  

   II. Extracellular Deconstruction 
of Lignocellulosic Biomass 

 The production of molecular hydrogen from 
plant biomass begins with extraction and 
deconstruction of the carbohydrate content 
of lignocellulose into fermentable sugars 
(Fig.  8.2 ). 

   A. Lignocellulose Composition 
and Recalcitrance 

 Lignocellulose is primarily composed of cel-
lulose, hemicellulose and lignin; the physical 
and chemical properties of these polymers 
varies between plant species, stages of 
growth, and environmental conditions 
(Reddy and Yang  2005 ). Cellulose, the major 
structural component, is a long chain of glu-
cose molecules linked by β–1,4 glycosidic 
bonds (van Wyk  2001 ). Hydrogen bonds 
between the polysaccharide chains form 

  Fig. 8.1.     Geographic distribution of   Caldicellulosiruptor   species and Carbohydrate Active Enzymes  
( a  = Number of ORFs encoding either a CBM, CE, GH or PL;  b  = signal peptide is encoded in the ORF).       
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crystalline cellulose, conferring an increased 
resistance to degradation (Rubin  2008 ). 
Hemicellulose is a heteropolymer, consisting 
of xylose, mannose, galactose, glucose, 
arabinose and glucuronic and galacturonic 
acids. These sugars are linked primarily by 
β-1,4 and β-1,3 glycosidic bonds. Lignin is 
an amorphous, water-insoluble heteropoly-
mer, consisting of phenylpropane units 
joined by different types of linkages. Lignin 
acts as molecular “glue”, conferring struc-
tural support, impermeability and resistance 
to microbial attack (Fig.  8.3 ) (Pérez et al. 
 2002 ; Rubin  2008 ). The antimicrobial char-
acteristics of lignin and crystallinity of 
cellulose are the two major challenges in 
the lignocellulosic deconstruction process. 
Microorganisms that can overcome the 

recalcitrance of cellulose in the context of 
potentially toxic lignin moieties are espe-
cially interesting for biofuels production.

      B. Enzymatic Lignocellulose Deconstruction 

 The deconstruction of lignocellulose by 
 Caldicellulosiruptor  initially involves extra-
cellular enzymatic attack of the plant bio-
mass substrate. Members of the genus utilize 
an array of extracellular glycoside hydro-
lases (GHs), polysaccharide lyases (PLs), 
and carbohydrate esterases (CEs) that break 
the glycosidic linkages of long-chained poly-
saccharides to eventually yield oligosacchar-
rides and simple sugars (Blumer- Schuette 
et al.  2012 ). These are then transported into 
the cell for utilization in metabolic pathways. 

  Fig. 8.2.     Conversion process of plant biomass to fuels . Plant biomass is fi rst mechanically degraded to yield 
long chained polysaccharides, which are then enzymatically deconstructed to shorter chained mono/oligo sac-
charides. Shorter chained saccharides are fermented to produce biofuels.       
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The degradation of crystalline cellulose and 
other recalcitrant plant polysaccharides 
requires the synergistic action of multiple 
catalytic domains, often within the same 
enzyme. The effi cacy of these enzymes can 
be enhanced through the conjugation of the 
catalytic subunit(s) with one or more carbo-
hydrate binding modules (CBM). The CBMs 
act to increase the catalytic effi ciency by 
targeting the catalytic GH unit toward acces-
sible polysaccharide, disrupting the polysac-
charide structure, and maintaining the 
substrate in prolonged intimate contact with 
the catalytic GH (Shoseyov et al.  2006 ). The 
end goal of extracellular polysaccharide deg-
radation is the production of carbohydrates 
in a transportable form, typically with six or 
fewer saccharide units. 

 The strategy used to generate small, trans-
portable saccharides differs across the micro-
bial world. For example, the cellulolytic 
fungus,  Trichoderma reesei , utilizes extra-
cellular enzymes, not associated with the 
cell, that contain a single catalytic domain 
and, in many cases, a single CBM (Martinez 
et al.  2008 ). The cellulosome, initially dis-
covered in  Clostridium thermocellum , is a 
multi-protein complex constructed around 
an enzymatically inactive scaffoldin. It con-
tains cohesin domains for the attachment of 

enzyme subunits and a CBM to mediate 
attachment to the substrate. Enzyme sub-
units, which contain dockerin domains, 
attach to the scaffoldin via cohesin- dockerin 
interactions. Similarly, interactions between 
a dockerin domain on the scaffoldin and a 
cell-associated cohesin domain anchor the 
cellulosome complex to the cell (Bayer et al. 
 1983 ,  1998 ; Fontes and Gilbert  2010 ). 
Members of the genus  Caldicellulosiruptor  
are non- cellulosomal, but do employ several 
multi- domain enzymes that mediate cellular 
attachment to plant biomass through S-layer 
homology (SLH) domains (Ozdemir et al. 
 2012 ). The S-layer containing enzymes in 
 Caldicellulosiruptor  are much smaller than 
the cellulosome, and have one or two cata-
lytic domains coupled with one or more 
CBM (Blumer-Schuette et al.  2010 ; Dam 
et al.  2011 ; VanFossen et al.  2011 ). The 
 Caldicellulosiruptor  SLH-domain contain-
ing proteins with additional GH and/or CBM 
domains, contribute to biomass degradation 
by localizing the substrate and holding 
the cell in close proximity (Fig.  8.3 ). The 
majority of extracellular GHs encoded in 
 Caldicellulosiruptor  genomes lack SLH 
domains, such that they freely diffuse in the 
biomass-containing milieu. The presence of 
multiple catalytic domains within a single 

  Fig. 8.3.     Lignocellulose microfi bril with   Caldicellulosiruptor   core extracellular enzymes . Hemicellulose and 
lignin form a protective sheath around cellulose. Core enzymes have activity against α-linked sugars, xylan and 
amorphous cellulose.       
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extracellular enzyme imparts the capacity to 
degrade complex heterogeneous polysaccha-
rides synergistically. 

 The pan-genome of  Caldicellulosiruptor  
encodes 134 carbohydrate-active enzymes 
(CAZy) (GHs, CEs, PLs and CBMs), of 
which 106 are GHs, representing 43 GH 
families. However, only 26 GHs from 17 
families are included in the core genome 
(Cantarel et al.  2009 ; Blumer-Schuette et al. 
 2012 ). Presumably, the core set of enzymes 
contains the basic catalytic capacity required 
for growth on plant biomass by members of 
the genus. It may be necessary, but not suf-
fi cient, for plant biomass deconstruction, 
since all  Caldicellulosiruptor  species con-
tain additional GHs in the core genome. The 
core set of GHs include four out of the fi ve 
known GH families that hydrolyze the β-1,4 
xyloside linkages characteristic of xylan, 
three out of the four GH families that hydro-
lyze the β-1,4 mannoside linkages of man-
nan, and four out of the fi ve xyloglucanase 
families that hydrolyze β-1,4 glucan linkages 
(Blumer-Schuette et al.  2010 ). 

   1. Core  Caldicellulosiruptor  Hydrolytic 
Enzymes 

 The core carbohydrate active enzyme com-
ponent of the  Caldicellulosiruptor  genome 
includes four extracellular enzymes 
(Figs.  8.3  and  8.4 ), identifi ed by the presence 
of a signal peptide at the N-terminus, directing 
the protein to be secreted into the extracel-
lular environment (Navarre and Schneewind 
 1999 ). The extent to which the core set extra-
cellular enzymes can degrade lignocellulosic 
substrates is based on biochemical character-
istics, homology and phenotypic characteris-
tics of the genus. Csac_0678, a bi-functional 
GH5 conjugated to a CBM28 and S-layer 
homology (SLH) domains (Fig.  8.3 ), has 
orthologs in all  Caldicellulosiruptor  genomes. 
As mentioned above, the S-layer homology 
domains of this enzyme act to anchor the 
enzyme to the cell surface, while the CBM 
facilitates attachment of the multi- domain 
enzyme to the substrate (Sára and Sleytr  2000 ). 
Biochemical characterization of Csac_0678 
showed that the GH5 domain exhibited both 

  Fig. 8.4.     Extracellular glycoside hydrolases of   Caldicellulosiruptor   species . Core GHs are common to all 
species. Common GHs are possessed by one or more species, while unique GHs are only in present in a particular 
species. Abbreviations follow the assigned locus tags and are as follows: Cbes  C. bescii,  Calhy C.  hydrotherma-
lis,  Calkr  C. kristjanssonii,  Calkro  C. kronotskyensis,  Calla  C. lactoaceticus , COB47  C. obsidiansis,  Calow  C. 
owensensis,  Csac  C. saccharolyticus .       
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endoglucanase and xylanase activity, while 
the CBM28 was required for activity and 
binding to crystalline cellulose (Ozdemir 
et al.  2012 ). Two other extracellular core 
GHs are a putative xylanase, containing a 
GH10 domain conjugated to two CBM22 
domains, and a putative amylase with a 
GH13 domain conjugated to a CBM41, a 
CBM48 and a CBM20 (Janecek  1997 ; 
Andrews et al.  2000 ). The remaining extra-
cellular core enzyme is a CE family 4 enzyme 
with putative xylanase activity (Caufrier 
et al.  2003 ; Cantarel et al.  2009 ). This core 
set of extracellular enzymes theoretically 
provides the genus with the ability to hydro-
lyze α- and β-glucan linkages of starch and 
cellulose, respectively, in addition to 
β-xyloside linkages of xylan. It should be 
noted, even though the core extracellular 
enzyme set of  Caldicellulosiruptor  contains 
biocatalysts active against the β-glucan link-
ages of cellulose, this does not necessarily 
mean crystalline cellulose deconstruction is 
possible, as not all species are able to effi -
ciently hydrolyze this substrate.

      2. Cellulolytic  Caldicellulosiruptor  Enzymes 

 Beyond the core genome, the presence and 
absence of specifi c types of extracellular 
GHs in  Caldicellulosiruptor  species corre-
lates to the capacity to utilize crystalline 
cellulose (Blumer-Schuette et al.  2010 ). 

In particular, growth on Avicel and fi lter 
paper differentiates the cellulolytic members 
of the genus. For example, the strongly cel-
lulolytic species:  C. bescii ,  C. kronotskyen-
sis ,  C. saccharolyticus  and  C. obsidiansis  
grow well on Avicel and fi lter paper, while  
C. lactoaceticus  grows to a lesser extent on 
these substrates. The weakly cellulolytic spe-
cies,  C. hydrothermalis ,  C. kristjanssonii  and 
 C. owensensis , grow to a limited extent on 
fi lter paper, with no visible deconstruction of 
the solid substrate. Within the sequenced 
 Caldicellulosiruptor  genomes,  C. kronotsky-
ensis  contains the most carbohydrate-active 
encoded enzymes, indicating the ability to 
degrade a wide range of polysaccharides 
(Figs.  8.4  and  8.5 ) (Blumer-Schuette et al. 
 2012 ). The genomes of the four strongly 
 cellulolytic species contain a shared set of 
seven GHs, three of which are extracellular. 
These extracellular multi-domain enzymes 
each contain different GH domains (GH9 
and GH48, GH74 and GH48, or GH9 and 
GH5) linked by CBM3 modules. The activ-
ity of one or more of these extracellular GHs 
presumably confers the ability to degrade 
crystalline cellulose. In order to determine 
which of these enzymes confers the degrada-
tion of crystalline cellulose, the weakly cel-
lulolytic species were inspected for the 
presence of these four GH families. All 
 Caldicellulosiruptor  genomes sequenced 
to date harbor GH5-containing enzymes. 

  Fig. 8.5.     Number of ORFs containing glycoside hydrolases, carbohydrate binding modules and ABC trans-
porters .  Bubble size  correlates to the number of ABC transporters in each species.       
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However, while the  C. kristjanssonii  genome 
encodes a putative extracellular enzyme con-
taining GH9 and GH74 domains linked to 
CBM3 domains, this bacterium is weakly 
cellulolytic. As such, the presence of GH5, 
GH9 and GH74 enzyme families is not nec-
essarily indicative of crystalline cellulose 
hydrolytic capacity in the genus  Caldicellulo-
siruptor . On the other hand, GH48 family 
enzymes cannot be identifi ed in the genomes 
of any of the weakly cellulolytic species, 
suggesting the presence of a GH48 domain 
is an essential determinant for the ability to 
hydrolyze crystalline cellulose by  Caldicellu-
losiruptor  species (Blumer- Schuette et al. 
 2010 ,  2012 ). Furthermore, the coupling of 
GH48 with CBM3 domains is indicative of 
strong cellulolytic capacity. Along these 
lines, CelA, the GH9-, GH48- and CBM3-
containing enzyme present in the cellulolytic 
species, has been characterized biochemi-
cally. CelA, isolated from  C. bescii  culture 
supernatants, as well as specifi c GH domains 
produced recombinantly in  E. coli,  had activ-
ity against crystalline cellulose and other β- 
linked glucans (Te’o et al.  1995 ; Zverlov 
et al.  1998 ), demonstrating the importance 
of CelA to the cellulolytic phenotype in 
 Caldicellulosiruptor . As genetic tools for 
this genus become available, it will be inter-
esting to see if the insertion of a GH48-
domain containing enzyme can impart a 
strong celluloytic capacity on the weakly cel-
luloytic species in this genus or if the absence 
of CelA results in loss of capacity to degrade 
crystalline cellulose.

        III. Carbohydrate Transport 

 Upon degradation of long-chained polysac-
charides to di/oligosaccharides by extra-
cellular enzymes of  Caldicellulosiruptor  
species, the simpler sugars are transported 
into the cell via transmembrane carbohydrate 
transport systems for use in anabolism or 
catabolism (VanFossen et al.  2011 ). Given 
the wide-ranging inventory of GHs found in 
the various  Caldicellulosiruptor  species, it is 
not surprising that there is also signifi cant 

variability in the number and specifi city 
of substrate transporters across the genus. 
ABC and phosphoenolpyruvate-dependent 
phosphotransferase (PTS) carbohydrate trans-
port systems can be identifi ed in  Caldi-
cellulosiruptor  genomes, although the 
presence of PTS transporters in the genus is 
sparse and variable. ABC carbohydrate 
transporters typically belong to one of two 
groups, the carbohydrate uptake transporter 
(CUT) family and the Di/Oligopeptide trans-
porter family (Dpp/Opp) (Schneider  2001 ). 
The CUT-family transporters are further 
divided into two sub-families, differentiated 
in architecture and substrate specifi city. 
CUT sub-family 1 (CUT1) systems, in 
 Caldicellulosiruptor,  transport both di/oligo-
saccharides and monosaccharides (Vanfossen 
et al.  2009 ). CUT1 transporters consist of an 
extracellular substrate binding protein, two 
membrane proteins forming the transloca-
tion path, and a single ATP binding subunit 
likely in the form of a homodimer. The 
CUT2 sub-family is solely involved in 
monosaccharide transport, containing a 
single membrane protein, presumably a 
homodimer, and two fused ATPase domains. 
The Dpp/Opp transport family has been 
implicated in the transport of di- and oligo-
peptides, nickel, heme, as well as sugars. Its 
architecture is a combination of CUT1 and 
CUT2 sub-family features, with an extracel-
lular binding protein, two membrane 
domains and two ATPase domains that form 
a heterodimer (Koning et al.  2002 ). The 
genus  Caldicellulosiruptor  collectively con-
tains 45 ABC transporters, with the core 
genome consisting solely of 6 CUT1 trans-
porters (Fig.  8.5 ) (Blumer-Schuette et al. 
 2012 ). The weakly cellulolytic  C. hydrother-
malis  contains the greatest number of ABC 
transporters, indicating carbohydrate trans-
porter inventory is not necessarily corre-
lated to a strongly cellulolytic phenotype 
(Fig.  8.5 ). Across the genus, CUT1 trans-
porters appear to be responsible for the 
majority of carbohydrate transport into the 
cell, making up 37 of the 45 identifi able 
transporter systems in  Caldicellulosiruptor  
genomes. Dpp/Opp and CUT 2 systems 
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account for 3 and 5 of the ABC transporters 
present in the genus, respectively. 

 Currently, none of the  Caldicellulosiruptor  
ABC transporters have been biochemically 
characterized. Even with the lack of specifi c 
biochemical knowledge, bioinformatics 
analysis can be used to map transport sub-
strates and transport mechanisms through 
homology with other characterized trans-
porters. VanFossen et al. ( 2009 ) analyzed the 
transcriptomes of  C. saccharolyticus  grown 
on glucose, fructose, mannose, xylose, arab-
inose, galactose and a mixture of all these 
sugars, in addition to xylan, xylose, xyloglu-
can and xylogluco-oligosaccharides. These 
data-sets, using metrics developed with pre-
vious work on  Thermatoga maritima , a het-
erotrophic hyperthermophile (Conners et al. 
 2005 ), could be used to predict carbohydrate 
preference of the majority of transporters in 
 C. saccharolyticus . It was concluded that the 
genome of  C. saccharolyticus  contained 
transporters for all the substrates tested. The 
carbohydrate specifi cities of the ABC trans-
porters had either limited specifi city for only 
one substrate, as is often observed with 
oligosaccharide transporters, or broad speci-
fi city for a variety of substrates, as is often 
the case with monosaccharide transporters. 
Ultimately,  C. saccharolyticus  is able to 
transport and utilize the wide variety of car-
bohydrates, simple or complex, that result 
from lignocellulosic biomass hydrolysis. 

 Phenotypic and genotypic differences can 
provide insight into the role of specifi c ABC 
transporters in carbohydrate transport. For 
example,  C. lactoaceticus  is incapable of 
growth on glucose, even though it hydrolyzes 
cellulose, raising the prospect that glucose 
catabolism could be transport-limited.  C. lac-
toaceticus  also has the fewest number of car-
bohydrate ABC transporters within the genus 
(Fig.  8.5 ) (Blumer-Schuette et al.  2012 ). 
Closely related  C. kristjanssonii  is capable of 
growth on glucose and only contains three 
ABC transporters not present in the  C. lacto-
aceticus  genome ,  suggesting that one of these 
three transporters imparts the capacity for 
glucose transport. Two of these transporters 
are members of the CUT1 and CUT2 trans-

porter families with orthologs in all other 
 Caldicellulosiruptor  species. VanFossen et al. 
( 2009 ) predicted that these two transporters 
are involved in glucose, fructose and xylose 
transport. In fact, these are the only transport-
ers identifi ed to transport glucose into 
 C. saccharolyticus . Taken together, these 
transporters seem to enable growth on glu-
cose by  C. kristjanssonii  and most likely 
other  Caldicellulosiruptor  species. 

 The pan-genome of  Caldicellulosiruptor  
contains one identifi ed PTS (Blumer- 
Schuette et al.  2012 ). In many organisms, the 
PTS is bi-functional, playing roles in carbo-
hydrate transport and as a starting point in 
regulating carbon catabolism (Stulke and 
Hillen  2000 ; Kotrba et al.  2001 ; Brückner 
and Titgemeyer  2002 ). The PTS consists of 
two cytosolic energy coupling proteins 
(Enzyme I and histidine- containing protein 
(HPr)) and carbohydrate specifi c, Enzyme II, 
which catalyzes concomitant carbohydrate 
translocation and phosphorylation at the 
expense of PEP (Kotrba et al.  2001 ). In 
 Caldicellulosiruptor , the PTS is currently 
the only identifi ed mannose transporter and 
has been implicated in fructose transport 
(Vanfossen et al.  2009 ). The possible role of 
the PTS in carbohydrate catabolite regula-
tion in  Caldicellulosiruptor  has not been 
established, although in a mixture of saccha-
rides including galactose, glucose, mannose, 
xylose, arabinose and fructose,  C. saccharo-
lyticus  utilized fructose to the greatest extent, 
followed by arabinose and xylose (Vanfossen 
et al.  2009 ). Whether the fructose specifi c 
PTS plays a role in regulation of substrate 
utilization is not known. In addition, genomes 
of  Caldicellulosiruptor  species encode the 
genes required for the carbon control protein 
A (CcpA)-dependent CCR present in  B. 
 subtilis  and other gram- positive bacteria. 
The components of the CcpA-dependent 
CCR signaling cascade present in 
 Caldicellulosiruptor  include the fructose 
specifi c PTS transporter, HPr(Ser) kinase, 
catabolic repression HPr protein (CrH) and 
the CcpA (Warner et al.  2003 ; van de Werken 
et al.  2008 ). Though  Caldi cellulosiruptor  
does not exhibit traditional CCR, the combi-
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nation of the fructose specifi c PTS, the genes 
encoding CcpA- dependent CCR, and pro-
clivity for fructose utilization implies that 
this system plays a role in the carbohydrate 
preferences of these bacteria.

      IV. Intermediary Metabolism 

 The genus  Caldicellulosiruptor  can utilize 
a range of carbohydrates for growth, 
as such, an array of metabolic pathways 
are implicated in bioenergetics. Genome 
sequence data and  13 C-NMR analysis 
revealed  C. saccharolyticus  contains a com-
plete Embden-Meyerhoff- Parnas (EMP) 
pathway (de Vrije et al.  2007 ; van de Werken 
et al.  2008 ). The EMP pathway, which 
serves as the primary generator of ATP and 
reducing equivalents, is conserved within 
the genome sequenced members of the 
genus. The central role of the EMP pathway 
in  Caldicellulosiruptor  metabolism requires 
all carbohydrate growth substrates be 
directly or indirectly fed into the pathway 
for energy generation. Glucose, liberated 
from cellulose and starch, can be oxidized 
directly by the EMP pathway. The hydroly-
sis products of hemicellulose, such as 
xylose, pectin and galactose, must fi rst be 
processed through alternative pathways. 
The products of these sub-pathways are 
then funneled into the EMP pathway at dif-
ferent levels (Fig.  8.6 ). These sub-pathways 
are often incomplete and have varying lev-
els of conservation across the genus. The 
ability to metabolize xylose is conserved 
within the genus. Xylose, the major con-
stituent of hemicellulose, is readily avail-
able during growth on lignocellulosic 
biomass. Xylose enters the non-oxidative 
branch of the pentose phosphate pathway 
(PPP) via conversion by a xylose isomerase 
and xylulokinase. Arabinose, often associ-
ated with xylan, is also funneled into the 
non-oxidative branch of the pentose phos-
phate pathway. Unlike xylose, it is con-
verted into PPP intermediates by means of a 
bifunctional L-fucose/D-arabinose isomer-
ase and a L-ribulokinase that are not 

conserved in the North American or Icelandic 
 Caldicellulosiruptor  species (Figs.  8.1  and 
 8.6 ) (van de Werken et al.  2008 ). The lack 
of these enzymes in the Icelandic species 
correlates with their inability to grow on 
arabinose (Ahring  1995 ; Bredholt et al. 
 1999 ). In contrast, the North American spe-
cies are capable of growth on arabinose, 
indicating the presence of alternative 
enzymes for arabinose metabolism (Huang 
et al.  1998 ; Hamilton-Brehm et al.  2010 ). 
Metabolism of xylose and arabinose 
through the non- oxidative PPP yields β-D-
fructose-6P or glyceraldehyde-3P, early 
metabolites in glycolysis (Fig.  8.6 ). Though 
members of the genus  Caldicellulosiruptor  
rely on the non- oxidative PPP for the 
metabolism of many carbohydrates, the oxi-
dative branch of the PPP is not present, akin 
to other anaerobic biomass degraders in the 
class Clostridia (Hemme et al.  2011 ). The 
oxidative branch of the PPP pathway in 
many organisms is the sole generator of 
NADPH, the primary source of reducing 
equivalents for cellular biosynthetic path-
ways (Kruger and von Schaewen  2003 ). 
There appear to be other enzymes in 
 Caldicellulosiruptor  with the capability for 
generating NADPH, but the exact physio-
logical roles of these enzymes is unclear 
(van de Werken et al.  2008 ). This raises 
questions as to the mode and extent of 
NADPH generation within the cell. 

 Uronic acids, the building blocks of pec-
tin, are primarily composed of galacturonic 
acid (Ridley and O’Neill  2001 ). All  Caldi-
cellulosiruptor  species have been described 
to support growth on pectin (Rainey et al. 
 1994 ; Ahring  1995 ; Huang et al.  1998 ; 
Bredholt et al.  1999 ; Miroshnichenko et al. 
 2008 ; Hamilton- Brehm et al.  2010 ; Yang 
et al.  2010 ). Galacturonate, the anion of 
galacturonic acid, enters metabolism through 
isomerization to tagaturonate. Upon conver-
sion to tagaturonate, the pertinent metabolic 
pathway becomes unclear, as tagaturonate 
reductase and altronate hydrolase, have not 
been identifi ed in the genus. This implies the 
use of a novel pathway or unidentifi ed 
enzymes for the conversion of galacturonate. 
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Similar to the conversion of xylose and 
arabinose, the metabolism of the deoxysugars, 
such as fucose and rhamnose, is variable 
within the genus. Fucose, is found as a 
subunit of xyloglucans (Hisamatsu et al. 
 1991 ) and rhamnose is a common com-
ponent of pectin (Komalavilas and Mort 
 1989 ; Ridley and O’Neill  2001 ). Icelandic 
 Caldicellulosiruptor  species are incapable of 
growth on rhamnose (Ahring  1995 ; Bredholt 
et al.  1999 ), so it was not surprising to cor-
relate the lack of rhamnose isomerase and 

rhamnulokinase from their genome 
sequences to this physiological trait. Limited 
information is available for growth of 
 Caldicellulosiruptor  species on fucose, 
which presumably requires fucose isomerase 
for this phenotype. North American and 
Icelandic species both lack fucose isomerase 
and consistent with this observation,  C. 
obsidiansis  is unable to utilize fucose as a 
growth substrate (Hamilton-Brehm et al. 
 2010 ). Mannose and galactose are also found 
as constituents of hemicellulose, but in 

  Fig. 8.6.     Metabolic features of   Caldicellulosiruptor   species .  Green arrows  indicate reactions not conserved 
in all species. Abbreviations:  DKI  5-keto-4-deoxyuronate,  DKII  2,5-Diketo-3-deoxy-D-gluconate,  Fd   red   reduced 
ferrodoxin,  KDG  -2-Dehydro-3-deoxy-D-gluconate,  KDGP  KDG phosphate,  NADH  reduced nicotinamide ade-
nine dinucleotide,  P  phosphate.       
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smaller amounts than xyloglucan. Galactose 
is metabolized to glucose-6P through the 
Leloir pathway (Holden et al.  2003 ). The 
Leloir pathway is conserved in all sequenced 
 Caldicellulosiruptor  species. Mannose is 
typically carried across the cell membrane via 
a PTS transporter where it is phosphorylated 
to mannose-6P. Several  Caldicellulosiruptor  
species ( C. kristjanssonii ,  C. lactoaceticus  
and  C. obsidiansis ) lack homologs to a PTS, 
yet have the ability of growth on mannose. 
An alternative system for mannose phos-
phorylation has not yet been reported in the 
genus. Fructose can also be transported via 
the same PTS to yield fructose-1P, which is 
then shuttled directly into the EMP pathway. 

 While the tricarboxylic acid (TCA) cycle 
is not involved directly in substrate utiliza-
tion, it is important because essential precur-
sors to biosynthetic pathways are produced. 
The TCA cycle in  Caldicellulosiruptor  
species is incomplete, however all species 
have an oxidative branch to succinyl-CoA 
and a reductive branch to Fumarate    (Fig.  8.6 ). 
The incomplete TCA cycle present in 
 Caldicellulosiruptor  likely functions to gen-
erate amino acid biosynthesis precursors, 
such as 2-oxoglutarate (alpha-ketoglutaric 
acid) and oxaloacetate, rather than reducing 
equivalents. The production of excess reduc-
ing equivalents in the TCA cycle could over-
whelm the fermentative  Caldicellulosiruptor  
without the presence of an aerobic electron 
transport chain.

      V. Metabolism of Fuel Production 

 The degradation of recalcitrant plant biomass 
and subsequent utilization of polysaccharides 
in  Caldicellulosiruptor  fermentation path-
ways produces several metabolic products 
including ethanol and molecular hydrogen. 

   A. Ethanol 

 The genus  Caldicellulosiruptor  has the abil-
ity to produce small amounts of ethanol, 
indicating pathways to this fermentation 
product exist or ethanol the result of promis-

cuous enzymes. Instead of ethanol produc-
tion, most carbon is directed toward acetate, 
and as a consequence, large quantities of 
molecular hydrogen are produced as a fer-
mentation product (Fig.  8.6 ). The primary 
role of hydrogen and ethanol production in 
anaerobic metabolism is to re-oxidize reduc-
ing equivalents generated during the fermen-
tation of sugars. The production of these 
compounds is dependent on environmental 
conditions and growth state. Ethanol produc-
tion occurs via the reduction of acetyl-CoA 
by alcohol dehydrogenase (ADH). Ethanol 
production serves as an effi cient means to 
recycle reducing equivalents in many other 
organisms, but ethanol has only been 
detected in very low to trace levels in 
 Caldicellulosiruptor  (Rainey et al.  1994 ; 
Ahring  1995 ; Huang et al.  1998 ; Bredholt 
et al.  1999 ; Hamilton-Brehm et al.  2010 ; 
Yang et al.  2010 ) and thus, has not been stud-
ied in detail. 

  Caldicellulosiruptor  species contain several 
putative ADHs, but the specifi c enzyme res-
ponsible for the conversion of acetyl-CoA to 
ethanol is unknown. In  Thermoanaerobacter 
psuedethanolicus  (formerly  Thermoanaer-
obacter ethanolicus  39E) ethanol production 
is NADPH-dependent, through the activity 
of a bi-functional alcohol dehydrogenase/
acetyl-CoA thioesterase (Burdette and 
Zeikus  1994 ). A putative ADH in  C. saccha-
rolyticus  (Csac_0395) contains a NADPH-
binding domain and sequence similarity to 
the bi-functional enzyme from  T. pseudetha-
nolicus  (van de Werken et al.  2008 ). This 
suggests that ethanol production in 
 Caldicellulo siruptor  is NADPH- dependent, 
and targeted to oxidizing NADPH, rather 
than the NADH generated during glycolysis. 
However, due to the lack of an oxidative 
branch of the PPP, the mode of generation 
and levels of NADPH are unknown. It is 
likely that the amount of NADPH pro-
duced is limited, leaving NADPH regenera-
tion to NADP +  to biosynthetic pathways, 
resulting in minimal NADPH levels avail-
able for ethanol production. In another 
example, ADH activity of an ethanol adapted 
mutant strain of  Clostridium thermocellum  
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shifted from NADH to NADPH dependence, 
suggesting similarities for ethanol tolerance 
mechanisms and redox homeostasis (Brown 
et al.  2011 ). The specifi c role of ethanol pro-
duction in  Caldi cellulosiruptor  has not been 
explored; it is not likely a means of control-
ling the cellular redox balance, since homeo-
stasis is maintained through hydrogen and 
lactate production.  

   B. Hydrogen 

  Caldicellulosiruptor  species produce signifi -
cant amounts of molecular hydrogen as a 
fermentation product, such that the maxi-
mum yield of H 2  is among the highest for 
hydrogen-producing microorganisms.  Caldi-
cellulosiruptor  species employ the EMP 
pathway to achieve a maximum theoretical 
yield (Thauer limit) of 4 moles H 2  per mol 
glucose (Thauer et al.  1977 ).  Caldi-
cellulosiruptor  can utilize both the less ener-
getic NADH and preferential reduced 
ferredoxin (Fd red ) for the reduction of pro-
tons to produce molecular hydrogen. Both of 
these reducing equivalents are generated 
during the oxidation of sugars in the EMP 
pathway. Fd red  is generated from the oxida-
tion of pyruvate to acetyl-CoA by pyruvate:
ferredoxin oxidoreductase (PFOR) and the 
oxidation of glyceraldehyde-3P to glycerate-
3P by aldehyde ferredoxin oxidoreductase. 
Alternatively, glyceraldehyde-3P can be oxi-
dized to glycerate-3P via glyceraldehyde 
phosphate dehydrogenase (GAPDH) and 
phosphoglycerate kinase to generate NADH 
and ATP (Fig.  8.6 ). 

   1. Hydrogen Production and Carbohydrate 
Transport 

 Hydrogen production in  Caldicellulosiruptor  
may be linked to the primary use of ABC 
transporters for carbohydrate translocation. 
The translocation of substrate by ABC trans-
porters, and subsequent phosphorylation, 
requires two molecules of ATP. Alternatively, 
import of monosaccharides by PTS requires 
phosphoenolpyruvate as a phosphate donor 
to achieve transport and phosphorylation in 

one step. Currently, as mentioned above, 
there is one orthologous PTS identifi ed in 
some species of the genus.  Caldi-
cellulosiruptor  relies primarily on ABC 
transporters for carbohydrate transport, mak-
ing the generation of a supplementary source 
of ATP molecules for carbohydrate transport 
advantageous to the cell. The oxidation of 
sugars to acetate generates an extra ATP 
(2 moles/mole hexose), offsetting the con-
sumption by ABC transporters, while at the 
same time generating Fd red . The production 
of H 2  is then used to re-oxidize Fd red  gener-
ated as a byproduct of ATP generation for 
carbohydrate transport.  

   2. Hydrogenases in  Caldicellulosiruptor  

 In  Caldicellulosiruptor  species, the reduc-
tion of protons to molecular hydrogen occurs 
via two distinct hydrogenases, a cytoplasmic 
Fe-only hydrogenase (HydA to HydD), and 
a membrane-bound Ni-Fe hydrogenase 
(EchA to EchF). Though neither of these 
hydrogenases have been biochemically char-
acterized, homologs in  Caldanaerobacter 
subterraneus  subsp.  tengcongensis  (formerly 
 Thermoanaerobacter tengcongensis ) were 
found to be NADH- and Fd red - dependent, 
respectively (Fardeau et al.  2004 ; Soboh 
et al.  2004 ). A third, putative hydrogenase 
cluster, containing an NADH-binding pro-
tein, also exists, but the function of this clus-
ter is unknown and is theorized to be 
redundant (van de Werken et al.  2008 ); how-
ever, this remains to be confi rmed experi-
mentally. The production of H 2  from Fd red  is 
energetically favorable; making H 2  produc-
tion by the membrane bound Ni-Fe hydrog-
enase preferable. In contrast, the utilization 
of the NADH-specifi c, Fe-only hydrogenase 
is less favorable; only under a very limited 
set of conditions is the production of 
 hydrogen from NADH thermodynamically 
favorable (Verhaart et al.  2010 ). It is interest-
ing that this Fe-only hydrogenase has approx-
imately 50 % amino acid sequence identity 
to a bifuricating hydrogenase in  T. maritima . 
This bifuricating hydrogenase uses the exer-
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gonic oxidation of ferredoxin to drive the 
unfavorable oxidation of NADH to produce 
H 2  (Schut and Adams  2009 ). If the Fe-only 
hydrogenase of  Caldicellulosiruptor  is, 
indeed, bifuricating, NADH would serve as 
an energetically favorable substrate for the 
reduction of protons to H 2 .   

   C. Growth Conditions 
and Hydrogen Production 

 During exponential growth,  Caldicellulo-
siruptor  produces H 2 , CO 2  and acetate, almost 
exclusively as fermentation products (Van 
Niel et al.  2002 ; Zeidan and van Niel  2009 ). 
However, there are additional fermentation 
end products that are produced under specifi c 
physiological conditions. For example, 
increased H 2  concentrations and the transition 
to stationary phase, modulates NAD +  regen-
eration and metabolic fl ux of pyruvate toward 
lactate formation via lactate dehydrogenase 
(LDH) (Willquist and van Niel  2010 ). Lactate 
formation consumes NADH and bypasses the 
production of Fd red  and ATP (Fig.  8.6 ). The 
regulation of fl ux at the pyruvate node is a 
function of LDH and hydrogenase activity. 

   1. Regulation of Lactate Dehydrogenase 

 The activity of LDH plays a key role in cel-
lular ATP levels and redox potential, making 
its regulation important and complex. LDH 
is regulated by metabolic energy carriers: 
inorganic phosphate (PPi), ATP and NAD + . 
The utilization of the energy carrier PPi is an 
alternative strategy used in  Caldicellulo-
siruptor  and other bacteria, to conserve 
energy (Mertens  1991 ; Bielen et al.  2010 ). 
The primary source of PPi is anabolic reac-
tions, such as poly-nucleic acid biosynthesis 
and the activation of fatty acids and amino 
acids for lipid and protein synthesis 
(Heinonen  2001 ). Regulation of LDH occurs 
by both activation and inhibition; competi-
tive inhibition occurs by PPi and NAD +  and 
allosteric activation by fructose 1,6-bisphos-
phate, ATP and ADP (Willquist and van Niel 
 2010 ). The multitude of pathways generating 
and consuming these molecules results in 
variable activity of LDH. LDH activity has 

been shown to follow PPi levels and growth 
phase. For example, during exponential 
growth, high anabolic fl ux leads to increased 
generation of PPi, thereby inactivating LDH, 
and maximizing fl ux to acetate and hydro-
gen. As growth factors trigger stationary 
phase, PPi levels decrease and ATP levels 
increase (Bielen et al.  2010 ), enhancing the 
affi nity of LDH to NADH redirecting carbon 
fl ux to lactate.  

   2. Hydrogen Concentration Affects 
Hydrogen Production 

 If the removal of metabolic H 2  from the 
growth environment is insuffi cient, levels of 
dissolved hydrogen in liquid and partial 
pressure in the gas phase will begin to 
increase. Increasing levels of H 2  severely 
inhibit hydrogen production through product 
inhibition (Ljunggren et al.  2011 ; van Niel 
et al.  2003 ). The decrease in hydrogen pro-
duction results in accumulation of reducing 
equivalents, requiring changes in metabolic 
fl ux to balance the reactive species. The criti-
cal threshold value of hydrogen partial pres-
sure varies with growth phase and study to 
study (Ljunggren et al.  2011 ; Willquist et al. 
 2011 ), but is typically 10–20 kPa, as deter-
mined in batch cultures of  C. saccharolyticus  
(van Niel et al.  2003 ). H 2  inhibition is more 
directly related to dissolved H 2  concentra-
tions. Ljunggren et al. ( 2011 ) found a critical 
dissolved H 2  concentration of 2.2 mmol/L 
results in complete inhibition of hydrogen 
production. Gas sparging can be used to alle-
viate rising H 2  concentrations (Chou et al. 
 2008 ), and specifi cally, N 2  sparging can 
increase hydrogen yields (Zeidan and van 
Niel  2010 ; Ljunggren et al.  2011 ; Willquist 
and van Niel  2012 ). However, at a process 
level, inert gas sparging is expensive and eco-
nomically  unfavorable. Alternatively, CO 2  is 
readily available from many industrial pro-
cesses and can be relatively easily sepa-
rated in downstream processing of the gas 
stream (Hallenbeck and Benemann  2002 ). 
However, sparging with CO 2  negatively 
affects growth and H 2  production in  C. sac-
charolyticus . Dissolved CO 2 , in the form of 
bicarbonate and protons, inhibits growth 
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through a decrease in pH and an increase in 
osmotic pressure, rendering CO 2  sparging 
infeasible (Willquist et al.  2009 ). Ljunggren 
et al. ( 2011 ) found an osmolarity between 
0.27 and 0.29 mol/L to be inhibitory to the 
growth of  C. saccharolyticus . Enginee ring 
 Caldicellulosiruptor  strains to be insensitive 
to increased osmotic pressures and pH 
changes and/or hydrogenases with a greater 
hydrogen tolerance will likely be a require-
ment of a  Caldicellulosiruptor -based H 2  pro-
duction process.  

   3. Hydrogen Yields 

 Experimental studies of hydrogen produc-
tion in  Caldicellulosiruptor  have looked at 
both batch (Ivanova et al.  2009 ; Zeidan and 
van Niel  2009 ,  2010 ; Willquist and van Niel 
 2012 ) and continuous (de Vrije et al.  2007 ; 
Willquist et al.  2009 ; Zeidan et al.  2010 ) 

cultures. Hydrogen yields vary with spe-
cies, substrate and growth conditions. 
Yields obtained in these experiments gener-
ally range from 80 to 95 % of the 4 mol H 2 /
mol C 6  theoretical maximum. Note that a 
batch culture of  C. owensensis  in defi ned 
medium, with glucose as substrate, achieved 
the Thauer limit of 4 mol H 2 /mol C 6  sugar 
using continuous N 2  sparging (Table  8.1 ) 
(Zeidan and van Niel  2010 ). The maximum 
stoichiometric yield of H 2  from glucose is 
12 mol H 2  per mol of glucose (Thauer et al. 
 1977 ), even so yields in vivo have not 
exceeded the Thauer limit. In vitro studies, 
using enzymes of the pentose phosphate 
pathway and a NADP +  dependent hydroge-
nase from  P. furiosus , achieved 11.6 mol H 2  
per mol glucose-6-phosphate demonstrat-
ing the ability to produce near maximum H 2  
yields in biological systems (Woodward 
and Mattingly  1996 ). 

    Table 8.1.    Reported hydrogen yields of  Caldicellulosirupto r species.   

 Culture Type  Species  Substrate 
 Yield a  (mol H 2 /
mol C 6 )  Reference 

 Continuous   saccharolyticus   Glucose  3.8  Willquist et al. ( 2011 ) 
 Continuous   saccharolyticus   Glucose b   3.5  Willquist and van Niel ( 2012 ) 
 Trickle bed reactor   saccharolyticus  

(non-sterile) 
 Sucrose  2.8  van Groenestijn et al. ( 2009 ) 

 Batch   saccharolyticus   Miscanthus 
hydrolysate 

 3.4  de Vrije et al. ( 2009 ) 

 Batch   saccharolyticus   Paper sludge 
hydrolysate 

 2–3.8  Kádár et al. ( 2004 ) 

 Batch   saccharolyticus   Wheat straw  3.8  Ivanova et al. ( 2009 ) 
 Batch   saccharolyticus   Pretreated maize 

leaves 
 3.7  Ivanova et al. ( 2009 ) 

 Continuous   kristjanssonii   Glucose  3.5  Zeidan et al. ( 2010 ) 
 Batch   kristjanssonii   Glucose + Xylose  3.0  Zeidan and van Niel ( 2009 ) 
 Batch   owensensis   Glucose b   4.0  Zeidan and van Niel ( 2009 ) 
 Batch   owensensis   Xylose b   3.5  Zeidan and van Niel ( 2009 ) 
 Batch   owensensis   Glucose + Xylose  2.7  Zeidan and van Niel ( 2009 ) 
 Continuous   saccharolyticus  + 

 kristjanssonii  
 Glucose  3.7  Zeidan et al. ( 2010 ) 

 Continuous   saccharolyticus  + 
 kristjanssonii  

 Glucose + Xylose  3.6  Zeidan et al. ( 2010 ) 

 Batch   saccharolyticus  + 
 kristjanssonii  

 Glucose + Xylose  3.8  Zeidan and van Niel ( 2009 ) 

 Batch   saccharolyticus  + 
 owensensis  

 Glucose + Xylose  3.3  Zeidan and van Niel ( 2009 ) 

   a Maximum hydrogen yield reported at varying culture conditions (dilution rate, gas sparging etc.) 
  b Defi ned growth medium  
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 In continuous culture, H 2  production 
varies with dilution rate (i.e. growth rate), 
such that lower dilution rates result in lower 
growth rates and an increase in H 2  yield, 
albeit with a decrease in productivity. 
The inverse is true at higher dilution rates 
(de Vrije et al.  2007 ). At low growth rates, 
the majority of substrate is directed toward 
cell maintenance, during which many bio-
synthetic pathways remain dormant direct-
ing many of the reducing equivalents 
generated during glycolysis toward H 2  pro-
duction. Thus, maximizing hydrogen pro-
duction is a balance between the high 
productivities of fast growth rates and the 
high yields of slow growth rates. A proposed 
solution to increase both yield and produc-
tivity is to inoculate slow growing cultures at 
high cell densities (Chou et al.  2008 ). 
 Caldicellulo siruptor  species have also been 
found to persist in H 2 -producing co-cultures. 
These co-cultures have shown synergy, such 
that the co-culture had higher hydrogen 
yields than the monoculture (Table  8.1 ) 
(Zeidan and van Niel  2009 ; Zeidan et al. 
 2010 ). For example, continuous co-culture 
of  C. saccharolyticus  and  C. kristjanssonii  
found that both species persisted for 70 days 
with a hydrogen yield 6 % greater than either 
species alone. More importantly, cell-free 
growth supernatants of  C. saccharolyticus  
were found to enhance the growth of 
 C. kristjanssonii  by decreasing its lag phase 
and increasing the maximum cell concentra-
tion by 18 % (Zeidan et al.  2010 ). Hydrogen 
yields from various  Caldicellulosiruptor  
species have reached the Thauer limit 
(Zeidan and van Niel  2010 ). Increasing H 2  
productivity in these bacteria, while main-
taining high yields, will be a signifi cant 
challenge in the development of a  Caldi-
cellulosiruptor  bio-hydrogen production pro-
cess, and may be possible through strategic 
metabolic engineering of these bacteria.
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I. Introduction

Members of the order Thermotogales (Fig. 9.1) 
were represented as a deep- branching lin-
eage within the phylogenetic tree (Huber 
et al. 1986; Reysenbach et al. 2001; Huber 
and Hannig 2006) thus suggesting that repre-
sentatives of this order might have arisen 
early during the first steps of bacterial evolu-
tion. However the phylogenetic position of 
Thermotogales, as the nature (hyperthermo-
phile or mesophile) of the ancestor of 
Bacteria, still remains a matter of debate 
(Brochier and Philippe 2002; Zhaxybayeva 
et al. 2009). Most of these Gram-negative 
anaerobic bacteria possess an outer sheath 
like structure called a “toga” ballooning over 
the ends of the cell (e.g. Thermotoga and 
Thermosipho spp.) (Huber et al. 1986; 
Antoine et al. 1997). Terminal protuberances 
on one end of the cells and single sphere 
containing several cells have also been 
observed in particular in Fervidobacterium 
spp. (Patel et al. 1985). Thermotogales range 
from thermophiles to hyperthermophiles 
having optimum temperature for growth 
above 80 °C with possible growth up to 
90 °C (e.g. Thermotoga maritima, T. neapol
itana, and T. hypogea). They are recognized 
as non-sporing rods occurring singly, in 
pairs or in chains with the absence of meso-

diaminopimelic acid in the peptidoglycan 
(Reysenbach et al. 2001; Huber and Hannig 
2006). This order comprises ten genera: 
Thermotoga, Thermosipho, Fervidobacterium, 
Geotoga, Petrotoga, Marinitoga, Thermococ
coides and the recently described genera 
Kosmotoga, Oceanotoga and Defluviitoga (Di 
Pippo et al. 2009; Jayasinghearachchi and Lal 
2011; Ben Hania et al. 2012). Because of the 
almost identical 16S rRNA gene sequences of 
K. olearia and Thermoccoides shengliensis, 
and their many shared phenotypic  features, 
T. shengliensis has been proposed to be reclas-
sified within the genus Kosmotoga and 
named K. shengliensis (Feng et al. 2010; 
Nunoura et al. 2010). Recently, a mesophilic 
lineage (Mesotoga) within the Thermotogales 
has been evidenced by the detection of 
Thermotogales 16S rRNA gene sequences in 
many mesothermic environments (Nesbø et al. 
2006, 2010). The mesophilic nature of such 
microorganisms has been established by their 
isolation and cultivation in 2011 (“Mesotoga 
sulfurireducens” strain PhosAc3, Ben Hania 
et al. 2011), in 2012 (Mesotoga prima strain 
MesG1.Ag.4.2, Nesbø et al. 2012) and in 2013 
(Mesotoga infera strain VNs100T, Ben Hania 
et al. 2013) with Mesotoga prima being the 
first described representative and type species 
of genus Mesotoga (Nesbø et al. 2012). All 
isolated Mesotoga species were confirmed to 
grow optimally at mesothermic conditions 
(40 °C for “Mesotoga sulfurireducens”, 45 °C 
for M. infera and 37 °C for M. prima) (Ben 
Hania et al. 2011, 2013; Nesbø et al. 2012) 
making them microorganisms of notable inter-
est to understand bacterial evolution from 
mesophily to thermophily or vice versa (Nesbø 
et al. 2006; Ben Hania et al. 2011).

Abbreviations: CMC – Carboxy methyl cellulose; 
GAP deh – Glyceraldehyde-3-phosphate dehydroge-
nase; GghA – 1,4-β-D-glucan glucohydrolase; HEPES –  
4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid; 
MBS – Metabisulfite; NRO – NADH oxidoreductase; 
ORF – Open reading frames; RET – Reversed electron 
transport; ROS – Reactive oxygen species

Summary

Members of the deep-branching order Thermotogales are widespread in various terrestrial, 
submarine and subterrestrial extreme environments. This bacterial order included both  thermophilic 
and hyperthermophilic anaerobic microorganisms so far pertaining to ten genera. It is only 
recently (2011) that cultivation of a mesophilic member of this order belonging to a novel genus, 
Mesotoga, has been successful. All members, with the  exception of Mesotoga spp., are recog-
nized as high hydrogen producers having possible applications in biotechnology with a peculiar 
emphasis for members of the genus Thermotoga (e.g. T. maritima and T. neapolitana). The ecol-
ogy, phylogeny and metabolism linked to hydrogen production of these bacteria, are reviewed.
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Thermotoga elfii SEBR 6459T (X80790)
Thermotoga lettingae TMOT (AF355615)
Thermotoga subterranea SL1T (U22664)
Thermotoga hypogea SEBR 7054T (U89768)

Thermotoga thermarum DSM 5069T (AB039769)
Thermotoga maritima MSB8T (M21774)
Thermotoga neapolitana DSM 4359T (AB039768)
Thermotoga naphthophila RKU-10T (AJ872268)
Thermotoga petrophila RKU-1T (AJ872269)
Thermosipho affectus ik275marT (GQ292553)

Thermosipho melanesiensis BI429T (Z70248)
Thermosipho atlanticus DV1140T (AJ577471)
Thermosipho geolei DSM 13256T (AJ272022)

Thermosipho africanus Ob7T (DQ647057)
Thermosipho globiformans MN14T (AB257289)
Thermosipho japonicus IHB1T (AB024932)

Fervidobacterium changbaicum CBS-1T (AY878719)
Fervidobacterium islandicum H-21T (M59176)
Fervidobacterium pennivorans Ven5T (EF565822)

Fervidobacterium nodosum Rt17-B1T (CP000771)
Fervidobacterium gondwanense AB39T (Z49117)

Fervidobacterium riparium VKM B-2549T (EU851047)
Thermococcoides shengliensis 2SM-2T (EU276414)
Kosmotoga olearia TBF 19.5.1T (EU980631)

Kosmotoga arenicorallina S304_1T (AB530678)
Kosmotoga arenicorallina S304_2T (AB530679)

Mesotoga infera VNs100T (HE818616)
Mesotoga prima MesG1Ag4.2.AT (HM003108)
Mesotoga prima MesG1Ag4.2.BT (HM003109)
"Mesotoga sulfurireducens" PhosAc3 (FN611033)

Marinitoga camini MV1075T (AJ250439)
Marinitoga okinawensis TFS10-5T (AB262395)

Marinitoga litoralis MC3T (FM253687)
Marinitoga hydrogenitolerans AT1271T (AJ786363)

Marinitoga piezophila KA3T (AF326121)
Geotoga petraea T5T (HM037999)

Geotoga subterranea CC-1T (L10659)
Oceanotoga teriensis OCT74T (EU588727)
Defluviitoga tunisiensis SulfLac1T (FR850164)
Petrotoga mobilis SJ95T (Y15479)
Petrotoga olearia SL24T (AJ311703)
Petrotoga sibirica SL25T (AJ311702)
Petrotoga mexicana Met-12T (AY125964)
Petrotoga halophila MET-BT (AY800102)
Petrotoga miotherma DSM10691T (FR733705)
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Fig. 9.1. Phylogenetic tree based on 16 rRNA gene sequences representing the position of oilfield microorganisms 
(bold characters) within the order Thermotogales. Neighbor joining method was used, calculation from 1,190 
aligned pb, bootstrap from 1,000 replicates. Aquifex aeolicus (AJ309733) and Bacillus subtilis (K00637) were 
used as outgroup (not shown). Bar scale, 0.02 substitution per nucleotide.
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II. Habitat

Most of the thermophilic Thermotogales have 
been detected by molecular approaches and/
or cultural approaches from geothermally 
heated environments (Table 9.1) (Huber and 
Hannig 2006). Most Fervido bacterium spp. 
have been isolated from low saline terrestrial 
hot springs (Patel et al. 1985; Huber et al. 
1990; Andrews and Patel 1996; Friedrich and 
Antranikian 1996), which is also the case of 
Thermotoga thermarum (Windberger et al. 
1989). Numerous slightly halophilic bacteria 
pertaining to the genera Marinitoga (Wery 
et al. 2001; Alain et al. 2002; Postec et al. 
2005, 2010; Nunoura et al. 2007) and 
Thermosipho originated from marine ecosys-
tems (e.g. deep-sea hydrothermal vents) 
(Huber et al. 1989; Antoine et al. 1997; Takai 
and Horikoshi 2000; Urios et al. 2004). Many 
thermophilic Thermotogales have been recov-
ered from oilfield waters and facilities 
(Ollivier and Cayol 2005). They include 
Thermotoga spp. (T. elfii, T. petrophila, T. 
hypogea) (Magot et al. 2000; Ollivier and 
Cayol 2005), and Kosmotoga olearia (Di 
Pippo et al. 2009); species of both these 
genera were also isolated from submarine 
thermal vents (e.g. T. neapolitana and  
K. arenicorallina) (Windberger et al. 1989; 
Nunoura et al. 2010). Interestingly Petrotoga, 
Geotoga, and Oceanotoga spp. have repre-
sentatives which originated only from oil 
reservoirs thus suggesting that such bacteria 
might be indigenous to these extreme envi-
ronments and might possibly be relevant for 
enhancing oil recovery in the petroleum 
industry (Magot et al. 2000; Ollivier and 
Cayol 2005; Jayasinghearachchi and Lal 
2011). However the indigenous character of 
Thermotogales to the oil field ecosystems 
should be considered with caution as their 
presence may result from anthropogenic 
activities after drilling operations or water 
injections during oil exploration (Magot et al. 
2000). Besides geothermally heated sedi-
ments, only a few thermophilic Thermotogales 
have been isolated from anaerobic digesters. 
These include Thermotoga lettingae (Balk 
et al. 2002) and the recently described 
Defluviitoga tunisiensis (Ben Hania et al. 

2012). Thermotoga lettingae was isolated from 
a thermophilic sulfate-reducing bioreactor 
operating at 65 °C with methanol as the sole 
substrate. D. tunisiensis was isolated from a 
mesothermic bioreactor (37 °C) treating 
lactoserum and phosphogypsum (Balk et al. 
2002; Ben Hania et al. 2012). As mentioned 
above, there is now evidence for the presence 
of Thermotogales (Mesotoga) in mesothermic 
environments such as enrichment cultures 
degrading chlorinated compounds, temperate 
hydrocarbon–impacted sites, oil reservoirs, 
oil gas storage, anaerobic bioreactors treating 
solvent-containing pharmaceutical wastewa-
ter, and a gas-fed bioreactor treating sulfate- 
and zinc-rich wastewater (Ben Hania et al. 
2011, 2013; Nesbø et al. 2006, 2012). In this 
respect, we may expect Mesotoga spp. to be of 
ecological relevance in the bioremediation of 
polluted sites (Ben Hania et al. 2011).

III. Metabolic Features

A. Electron Donors

Members of the Thermotogales are considered 
as heterotrophic fermentative microorganisms 
able to ferment sugars (Table 9.1) (Reysenbach 
et al. 2001; Huber and Hannig 2006). All ther-
mophilic Thermotogales have been demon-
strated to grow on complex organic substrates 
such as peptone and yeast extract, the latter 
being required to ferment sugars (Huber and 
Hannig 2006). Besides monosaccharides (e.g. 
glucose, fructose, xylose), di- and trisaccha-
rides (e.g. sucrose, lactose, cellobiose, raffi-
nose), Thermotogales can also ferment 
polysaccharides (Huber and Hannig 2006). 
Their use of cellulose has been reported, in 
particular for Thermotoga maritima, T. nea
politana, Fervidobacterium islandicum, and 
Marinitoga camini (Huber et al. 1986, 1990; 
Windberger et al. 1989; Wery et al. 2001; 
Huber and Hannig 2006). Thermotoga mari
tima, T. neapolitana, and M. camini were also 
reported to ferment glycogen (Huber et al. 
1986; Windberger et al. 1989; Wery et al. 
2001; Huber and Hannig 2006). The use of 
starch has been reported many times within 
the Thermotogales (e.g. Thermotoga, Geotoga, 

Martina Cappelletti et al.
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Petrotoga, Thermo sipho, Fervidobacterium, 
Marinitoga, Kosmo toga spp.) (Huber and 
Hannig 2006). Xylanolytic activity has been 
detected in T. maritima, T. hypogea, and 
Petrotoga spp. (e.g. P. mobilis and P. olearia) 
(Huber et al. 1986; Davey et al. 1993; Fardeau 
et al. 1997; Lien et al. 1998). Marinitoga 
camini was shown to degrade chitin and F. 
pennovorans to degrade keratin (Friedrich and 
Antranikian 1996; Wery et al. 2001).

The alcohols possibly fermented by 
Thermotogales include mannitol (e.g. T. 
naphtophila), and glycerol (e.g. T. lettingae, 
T. neapolitana and F. nodosum) (Patel et al. 
1985; Takahata et al. 2001; Van Ooteghem 
et al. 2004; Huber and Hannig 2006). 
Methanol was poorly fermented by T. lettin
gae, however, in the presence of thiosulfate 
or elemental sulfur as terminal electron 
acceptors, or methanoarchaea as hydrogeno-
trophic partners, methanol was more quickly 
used (12 days for the oxidative process 
instead of 30 days for the fermentative pro-
cess) (Balk et al. 2002). Methanol utilization 
has also been demonstrated for T. subterra
nea, T. elfii, T. maritima and T. neapolitana 
by the same authors (Balk et al. 2002).

Regarding organic acids utilization, pyru-
vate served as energy source for some 
Thermotoga and Petrotoga spp. (Huber and 
Hannig 2006), and there is one report on for-
mate utilization by Thermotoga lettingae 
(Balk et al. 2002). Besides formate, which 
was used only in the presence of thiosulfate 
as electron acceptor, T. lettingae was the first 
Thermotogales reported to ferment lactate 
(Balk et al. 2002). Thereafter, the use of lac-
tate has been also evidenced in “Mesotoga 
sulfurireducens” and in M. infera where the 
presence of elemental sulfur as terminal 
electron acceptor was required thus suggest-
ing that lactate was oxidized, but not fer-
mented by this bacterium (Ben Hania et al. 
2011, 2013). T. lettingae was also shown to 
oxidize acetate in the presence of thiosulfate 
or hydrogenotrophic methanoarchaea as ter-
minal electron acceptors in agreement with 
results for previously described thermophilic 
or mesophilic acetate-degrading bacteria 
coupled to a methanogenic partner or an 
electron acceptor (Balk et al. 2002).

B. Electron Acceptors

Thermotogales do not only use a wide range 
of organic substrates as energy sources but 
have also the ability to reduce sulfur- 
containing compounds (e.g. elemental sul-
fur, and thiosulfate, but not sulfate) into 
sulfide (Table 9.1) (Huber and Hannig 
2006). Amongst Thermotogales genera, 
Geotoga is the only genus in which no 
thiosulfate- reducing species was reported 
(Davey et al. 1993). The ability of 
Thermotogales to reduce elemental sulfur in 
the presence of sugars was first reported for 
T. maritima and was found stimulatory for 
its growth (Huber et al. 1986). However, this 
reductive process was suggested to be a 
detoxifying process preventing H2 accumu-
lation rather than an energy-yielding elec-
tron sink reaction (Huber et al. 1986; Huber 
and Hannig 2006). A similar conclusion 
could have been drawn regarding thiosulfate 
reduction by Thermotogales. However 
growth experiments with T. maritima and T. 
neapolitana in the presence of thiosulfate 
suggested that thiosulfate reduction could 
be regarded as an energy-yielding reaction 
through an oxidative phosphorylation pro-
cess from sugars (Ravot et al. 1995). Indeed, 
for both bacteria, despite important improve-
ments of growth observed in the presence of 
thiosulfate, there was no significant change 
in the end- products of sugar metabolism 
(Ravot et al. 1996). Besides thiosulfate and 
elemental sulfur, Fe(III) was also used as 
electron acceptor by T. maritima and in its 
presence, hydrogen oxidation was demon-
strated (Vargas et al. 1998). While one study 
indicated that T. maritima may gain energy 
by iron respiration (Vargas et al. 1998), 
other reports suggested Fe(III) as an addi-
tional electron sink together with thiosulfate 
and elemental sulfur to prevent the inhibi-
tory effect of hydrogen on growth (Huber 
et al. 1986; Schröder et al. 1994; Huber and 
Stetter 2001). The ability of T. maritima to 
reduce Fe(III) raises questions on its possi-
ble involvement in reducing heavy metals 
and should merit further attention. In the 
presence of thiosulfate as terminal electron 
acceptor, T. lettingae was shown to oxidize 
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hydrogen (Balk et al. 2002). While the possible 
use of cystine as electron acceptor has been 
established for Marinitoga, Thermotoga, and 
Thermosipho species (Huber and Hannig 
2006), only T. lettingae was reported to use 
anthraquinone −2,6-disulfonate as electron 
acceptor (Balk et al. 2002). Results obtained 
with Thermotogales regarding the possible 
use of sulfur compounds as electron accep-
tors, indicate they may play a crucial ecologi-
cal role in mineralizing organic matter in hot 
ecosystems. This is particularly true for 
Thermotogales originating from shal-
low or deep sea hydrothermal vents (e.g. 
Thermosipho and Marinitoga spp.) where dif-
ferent oxidized forms of sulfur compounds, 
including elemental sulfur and thiosulfate, 
are not limiting.

C. End-Products of Metabolism

The major end-products of sugar metabo-
lism by thermophilic Thermotogales are 
acetate, hydrogen, and CO2 (Table 9.1) 
(Reysenbach et al. 2001; Huber and Hannig 
2006). Surprisingly, while the recent iso-
lated mesophiles “Mesotoga sulfuriredu
cens”, M. prima and M. infera were shown 
to produce mainly/only acetate from sugar 
utilization, there is no report on H2 produc-
tion by these microorganisms (Ben Hania 
et al. 2011, 2013; Nesbø et al. 2012). 
Moreover, in contrast to M. prima which 
was described as a fermentative bacterium 
(Nesbø et al. 2012), M. infera was shown to 
rather oxidize its substrates in the presence 
of elemental sulfur as terminal electron 
acceptor (Ben Hania et al. 2013). Further 
researches on the physiological traits of 
Mesotoga spp. will be therefore of interest 
to understand the overall metabolic capa-
bilities within the Thermotogales. It was 
found, for example, that acetate was also 
produced during methanol fermentation by 
Thermotoga lettingae (Balk et al. 2002). 
Lactate production was detected in particu-
lar by T. maritima and was dependent on 
culture conditions (e.g. H2 partial pressure) 
(Janssen and Morgan 1992; Schröder et al. 
1994). It was also produced by Marinitoga 

camini when growing on sugars (Wery et al. 
2001). Ethanol has been measured at many 
occasions (e.g. Geotoga, Petrotoga, Kosmot
oga, and Oceanotoga spp.) together with 
isovalerate, isobutyrate, and/or propionate 
(e.g. M. camini, K. olearia), but also alpha-
aminobutyrate, hydroxyphenyl-acetate or 
phenylacetate (Huber and Hannig 2006) as 
end-products of sugar metabolism. Studies 
with T. maritima indicated that this bacte-
rium used glucose via the Embden-Meyerhof 
glycolytic pathway and, to a lesser extent, 
via the Entner- Doudouroff pathway (Schröder 
et al. 1994; Selig et al. 1997; Huber and 
Hannig 2006). However the importance 
of the use of both pathways in other 
Thermotogales when fermenting sugars is 
still poorly documented and deserves fur-
ther investigation. Notably, it was demon-
strated in T. neapolitana that glucose was 
taken up via an active transport system that 
was energized by an ion gradient generated 
by ATP derived from substrate- level phos-
phorylation (Galperin et al. 1996; Huber 
and Hannig 2006). It is established, that 
several Thermotogales have a high ratio of 
acetate produced versus sugar consumed, 
thus indicating that they are good candidates 
for H2 production from the biomass 
approaching the theoretical maximum yield 
of 4 mol H2 per mol glucose consumed 
(Schröder et al. 1994; Van Ooteghem et al. 
2004; Eriksen et al. 2011). This is empha-
sized by the capacities of many species to 
use various carbohydrates including cellu-
lose, hemicelluloses and starch together 
with proteinaceous compounds. Besides 
acetate, lactate and hydrogen, L-alanine was 
also found as a significant end-product of 
sugar fermentation by Thermotoga elfii, 
Fervidobacterium islandicum, F. nodosum, 
F. gondwanense, and Thermosipho africa
nus with up to 0.52 mol L-alanine produced 
per mol glucose consumed (T. africanus). In 
contrast, T. maritima and T. neapolitana 
were found to be poor L-alanine producers 
(Ravot et al. 1996). In the presence of thiosul-
fate, a decrease of the L-alanine/acetate ratio 
was observed for F. islandicum, T. africanus, 
T. elfii, Thermotoga SEBR 7054, and 
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Thermotoga lettingae (Ravot et al. 1996; 
Balk et al. 2002). For all these bacteria, the 
presence of thiosulfate caused a shift of 
metabolism with more acetate and less 
L-alanine being produced from sugars thus 
enabling them to obtain more ATP from sub-
strate level phosphorylation via the forma-
tion of acetyl-CoA. It was hypothesized that 
similarly to the hyperthermophilic archaeon, 
Pyrococcus furiosus, L-alanine production 
from glucose fermentation resulted from 
alanine transferase activity coupled with 
glutamate dehydrogenase activity (Ravot 
et al. 1996). Therefore, because of a similar 
type of sugar metabolism by members of the 
Thermococcales (e.g. Pyrococcus furiosus 
and Thermococcus profundus), domain 
Archaea, placed as a deep-branching lin-
eage within the phylogenetic tree, L-alanine 
production by Thermotogales has been 
interpreted as a remnant of an ancestral 
metabolism (Ravot et al. 1996). Interestingly, 
L-alanine was also produced when T. lettin
gae grew on methanol as energy source in 
the presence of thiosulfate or elemental sul-
fur and this was the first report of L-alanine 
formation from a C1 substrate. In contrast, 
in the presence of a methanogenic partner 
(e.g. Methanothermobacter thermoautotro
phicus) methanol was completely oxidized 
to CO2 (Balk et al. 2002). A complete oxida-
tion of acetate was also observed when T. 
lettingae was cocultured with an hydrogeno-
trophic methanoarchaea, while L-alanine 
was produced from acetate in the presence 
of thiosulfate (Balk et al. 2002).

D. Oxygen Tolerance

Although Thermotogales are recognized as 
strict anaerobes, there are evidences that they 
may cope with limited amount of oxygen dur-
ing their growth (Table 9.1). T. maritima may 
grow in the presence of 0.5 % of oxygen (Le 
Fourn et al. 2008), T. neapolitana was shown 
to grow under oxygen concentrations ranging 
from 1 to 6 % (Van Ooteghem et al. 2004) 
(see Sect. IV.A). Kosmotoga olearia, an oil-
field isolate, was reported to grow in the pres-
ence of 15 % oxygen (Di Pippo et al. 2009). 

This indicates that Thermotogales may use 
biochemical strategy(ies) to face oxidative 
stress as already reported for other strict 
anaerobes (e.g. sulfate-reducing bacteria) 
(Krekeler et al. 1998; Teske et al. 1998; 
Cypionka 2000; Dolla et al. 2006). 
Thermotoga maritima has been studied in 
recent years with regard to the strategy(ies) 
possibly used to deal with O2 and reactive 
oxygen species (ROS) such as peroxides. 
Yang and Ma (2005) have purified and char-
acterized a  heterodimeric NADH oxidase 
catalyzing oxygen to hydrogen peroxide. They 
proposed this enzyme together with other 
hydrogen peroxide scavenging enzymes as 
acting in an oxygen-removing system. Le 
Fourn and collaborators (2008) using differ-
ential proteomics analyses identified a flavo-
protein, homologous to the rubredoxin oxygen 
reductase (FprA) of Desulfovibrio sp. that was 
overproduced when T. maritima was culti-
vated under oxic conditions. They provided 
evidence that by reducing oxygen to water, 
this enzyme had a crucial role in protecting 
the bacterium against oxygen and suggested 
that NADH oxidase and rubredoxin oxygen 
reductase were involved in this process (Le 
Fourn et al. 2008). However, they outlined 
that the direct reduction of oxygen to water by 
FprA might be a preferred system as com-
pared to the production of hydrogen peroxide, 
known to be highly toxic to cells. Later on, 
Le Fourn et al. (2011) showed that T. 
maritima cells could consume oxygen at a 
rate of 41.5 nmol min−1 per mg of total protein 
and demonstrated that this bacterium reduced 
oxygen via a three-partner chain involving an 
NADH oxidoreductase (NRO), a rubredoxin 
(Rd) together with the rubredoxin oxidore-
ductase mentioned above (FprA), known as a 
flavor-diiron protein. They concluded that the 
genes coding for the three components O2 
reduction system were acquired by the 
Thermococcales, domain Archaea, through a 
single horizontal gene transfer event (Le 
Fourn et al. 2011). Because of the position of 
Thermotogales and Thermococcales within 
the phylogenetic tree, it has been suggested 
that such mechanism has been important for 
the first anaerobes to adjust to the presence of 
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traces of oxygen on the “primordial” Earth. 
Oxygen uptake has also been observed when 
T. maritima was grown in a 2.3-L bioreactor 
under controlled oxygen exposure (Lakhal 
et al. 2010). Transcriptomic analysis, indi-
cated that when exposed to oxygen for a short 
time, T. maritima had to deal with oxygen but 
also with the peroxides produced. The oxygen 
reductase FprA appeared as primary con-
sumer of oxygen, followed by alkyl hydroper-
oxide reductase and peroxiredoxin- encoding 
genes as main ROS-scavenging systems when 
higher concentrations of O2 were reached 
(Lakhal et al. 2011). It is noteworthy that the 
expression of the gene hyd that encodes the 
single hydrogenase of T. maritima was drasti-
cally affected by the presence of oxygen 
(Lakhal et al. 2011). These data are in accor-
dance with the known sensitivity of hydroge-
nases towards oxygen (Vincent et al. 2005). 
Regarding the anaerobic metabolism of T. 
maritima, batch cultures indicated that it sig-
nificantly decreased the redox potential (Eh) 
of the culture medium to about −480 mV 
(Lakhal et al. 2010) similarly to what was 
observed for the strict anaerobic methanoar-
chaea (Fetzer and Conrad 1993). Finally, 
under oxidative conditions, Lakhal et al. 
(2010) observed that glucose consumption 
rate by T. maritima decreased with a concomi-
tant shift in glucose metabolism towards lac-
tate production.

From these results, we may conclude that 
despite the high sensitivity of T. maritima to 
oxygen, this bacterium adapted an adequate 
strategy to face exposures to this gas (see 
Sect. IV.B for more details). This may explain 
why this hyperthermophilic bacterium can 
survive and even grow in shallow hydrother-
mal vents where partially oxygenated condi-
tions cannot be precluded.

E. Hydrogen Sensitivity

Hydrogen which accumulates during the fer-
mentation processes of carbohydrates by 
Thermotogales, with the exception of 
Mesotoga spp. (see also § III.D) is known to 
inhibit the growth of most of them (Huber 
and Hannig 2006). No growth occurred when 

cultures of T. maritima were pressurized with 
hydrogen-containing gas (H2/CO2 = 80:20; 
300 kPa) (Huber et al. 1986). Similar obser-
vations were done with Thermotoga 
 thermarum and T. neapolitana (Windberger 
et al. 1989), Petrotoga miotherma, Geotoga 
petraea, and Thermosipho melaniensis 
(Davey et al. 1993; Antoine et al. 1997). 
However for all these  microorganisms, 
growth inhibition could be overcome by gas-
sing the headspace with N2 or N2/CO2 or by 
the addition of S° or thiosulfate (e.g. Petrotoga 
mobilis) which served as an electron acceptor 
in the culture medium; concomitantly H2S 
was formed. Depending on microorganisms 
(see comments above), the addition of ele-
mental sulfur and/or thiosulfate may or may 
not have a stimulatory effect on growth. H2 
removal in the gas phase may also result from 
co-cultures of Thermotogales with thermo-
philic to hyperthermophilic methanoarchaea 
(e.g. Methanococcus, Methanopyrus spp.) or 
other hydrogen oxidizing archaeons (e.g. 
Archaeoglobus or Ferroglobus spp.) (Huber 
and Hannig 2006). Some genera are hydro-
gen tolerant. Geotoga subterranea was not 
inhibited by the hydrogen concentration men-
tioned above (Davey et al. 1993). Marinitoga 
camini and M. piezophila reached maximum 
cell concentrations with 0 % H2 while no 
growth occurred with 80 % H2 (Wery et al. 
2001; Alain et al. 2002), M. hydrogenotoler
ans can grow in the presence of 100 % H2 in 
the gas phase (Postec et al. 2005) and this 
makes it the most hydrogen tolerant member 
of the Thermotogales. This confirms that 
Thermotogales, depending on species, have 
different H2 sensitivities as reported earlier 
by Ravot et al. (1996).

IV. Hydrogen Production  
by Thermotogales spp.

A. Thermodynamic Features

The organisms described in this chapter are 
mainly thermophilic or hyperthermophilic 
anaerobes with temperature optima above 
65 °C. As stated in the preceding paragraphs, 
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many of these, such as Thermotoga maritima 
and T. neapolitana are capable of performing 
fermentative hydrogen production from a 
wide variety of substrates. Indeed, thermo-
philic hydrogen production benefits from 
some general advantages of performing such 
a process at elevated temperatures thank to a 
lower viscosity, better mixing, less risk of 
contamination, higher reaction rates and no 
need for reactor cooling (Wiegel et al. 1985). 
As already stated in Chap. 1, to make hydro-
gen production economically sustainable, 
organisms are needed that can generate 
hydrogen or directly or indirectly from bio-
mass. As cellulose and hemicellulose are the 
most abundant polysaccharides in nature, 
xylose and glucose are the predominant 
monomeric sugars available (Kapdan and 
Kargi 2006). Further, starch and sucrose can 
be abundantly present in plants as storage 
material. Interestingly, the bacterial species 
belonging to Thermotoga have the capacity 
to hydrolyze most of the substrates derived 
from biomass. For example, as also reported 
in Chap. 8, both Caldicellulosiruptor and 
Thermotoga spp. contain a variety of glyco-
side hydrolases and transferases stating their 
metabolic capacity (Vanfossen et al. 2008).

A few thermodynamic considerations 
clearly indicate that under standard condi-
tions (reactants concentration equal to 1 M, 
at 25 °C and pH 7.0), glucose oxidation to 
CO2 and H2 has a positive Gibbs energy 
change (reaction 9.1). This means that H2 
production requires an input of extra energy.

Glucose H O HCO
H H

+ ®
+ +

-

+

12 6
6 12

2 3

2  (9.1)

DG KJ mol0 3 2
,

. /= +

As shown in Table 9.2, most of the avail-
able literature reports that under optimal 
growth conditions, the oxidation of one 
hexose molecule will result in the forma-
tion of a variable number of hydrogen mol-
ecules (>2 ≤ 4) in addition to acetate and 
CO2. The maximum amount of ATP is 
obtained through production of acetate but 

this can only occur if all the reducing 
equivalents are disposed in the form of 
hydrogen molecules. Apparently, the a pri
ori requirement to get a significant hydro-
gen production yield is to keep a low 
hydrogen partial pressure through the use 
of a hydrogen-consuming system (Schink 
and Stams 2006). Under this latter condi-
tion, as shown in reaction 9.2, glucose oxi-
dation to acetate, CO2 and H2 has a 
significantly negative Gibbs energy change.

Glucose H O Acetate HCO
H H

+ ® +
+ +

-

+

4 2
4 4

2 3

2

 

(9.2)

DG KJ mol0 206 1
,

. /= -

In most fermentative hydrogen producers, 
catabolism via the Embden-Meyerhof path-
way generates reducing equivalents in the 
form of NADH at the level of the 
glyceraldehyde- 3-phosphate dehydrogenase 
(GAP deh) and reduced ferredoxin by the 
pryruvate:ferredoxin oxidoreductase reac-
tion. Under standard conditions, the mid- 
point potentials of NAD+/NADH and 
ferredoxinox/ferredoxinred are −320 mV and 
−380 mV, respectively (Thauer et al. 1977). 
Recycling of these redox couples can be 
accomplished by various reactions such as, 
for example, the production of lactate though 
reduction of pyruvate by NADH; however, 
the feasibility of these reactions is a priori 
determined by the standard Gibbs free 
energy change (ΔG0’) of each specific con-
version step. This latter consideration pre-
dicts that the production of H2 by reduction 
of H+ with NADH is a thermodynamically 
unfavorable process as expected by the low 
mid-point potential (E0’ = −414 mV) of the 
H+/H2 redox couple. Although the situation 
is more favorable in the case of ferredoxin 
(E0’ = −380 mV) the formation of other prod-
ucts such as ethanol and lactate is thermody-
namically more feasible. Thus, although the 
microbial reduction of protons to lead H2 
generation is a metabolic unexpected pro-
cess, for certain thermophiles (see Table 9.1) 
the amount of hydrogen produced is close to 
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four molecules per molecule of glucose 
 oxidized, suggesting that in these microor-
ganisms the thermodynamic constraints are 
somehow overcome as the growth conditions 
are quite far from the standard physiological 
values. Indeed, the actual Gibbs energy 
change as a function of both the substrates 
and products concentrations (see Eq. 9.3) 
predicts that even the reduction of H+ by 
NADH becomes exergonic (−4.7 kJ/mol) if 
the partial H2 concentration [P(H2)] is kept 
as low as 10−2 kPa.

 
D DG G RT ln C D A B/= + [ ][ ] [ ][ ]( )  (9.3)

Further, the thermodynamic of the pro-
cess is affected by temperature at which the 
reaction takes place according to Eq. (9.4)

 D D DG H T S0 0= -  (9.4)

which says that at temperatures higher than 
standard conditions (25 °C), the Gibbs free 
energy change for the overall reaction from 
glucose to acetate (Eq. 9.1) is more favor-
able. A second consideration that might 
explain why thermophiles show such unex-
pected H2 yields, is based on the fact that as 
previously shown by Thauer et al. (1977) 
and Amend and Plyasunov (2001), the 
hydrogen partial pressure needed to make 
reaction (9.2) feasible varies from 0.022 kPa 
at 25 °C to 2.2 kPa at 100 °C. Thus, at room 
temperature, hydrogen must be rapidly 
removed to avoid the inhibition of reaction 
(9.2) while the presence of 102 higher 
hydrogen concentration is tolerated at 
100 °C.

Another possible explanation for the 
hydrogen formation from redox couples hav-
ing a mid-point potential higher than 
−414 mV (E0’ of H+/H2) might be the pres-
ence of a reversed electron transport (RET) 
mechanism linked to membrane bound 
NAD-dependent hydrogenases. Although 
this mechanism has never been described in 
thermophiles, its presence in the genus 
Clostridium (Cl. tetanomorphum), where a 

sodium gradient is used to drive the reduction 
first of ferredoxin and then for hydrogen pro-
duction (Boiangiu et al. 2005), does not 
exclude a priori that other fermenting bacte-
ria support the uphill reduction of H+ by 
NADH through the use of RET. Alternatively, 
it has clearly been shown by Schut and 
Adams (2009) that in cells of Thermotoga 
maritima (T. maritima) ferredoxin is a more 
suitable reducing agent for hydrogen produc-
tion than NADH.

B. The Hydrogenases of Thermotoga spp.

As overviewed in Chaps. 2, 3, 4, and 8, the 
enzymes responsible for hydrogen produc-
tion (H2) combining hydrogen protons and 
reducing equivalents (2H+ + 2e−) are the 
hydrogenases (EC 1.12.99.6 and EC 
1.12.7.2) also catalyzing the reversible oxi-
dation of molecular hydrogen. In anaerobic 
thermophiles, two main types of hydroge-
nases, based on their metal content, are 
found: [Fe-Fe] and [Ni-Fe] hydrogenases. 
Further, hydrogenases can use different types 
of electron carriers, e.g. NAD, NADP, FAD 
and ferredoxin (Fd), which are reduced in 
the glycolytic pathway and in particular dur-
ing the conversions of both glyceraldehyde- 
3-P to 3-P-glycerate and pyruvate to 
acetyl-CoA. In most fermentative hydrogen 
producers, reduced electron carriers gener-
ated in these steps (NADH and Fdred) need to 
be re-oxidized to keep the glycolytic path-
way functioning and this disposal mecha-
nism can be different among the different 
thermophilic hydrogen producers (Jenney 
and Adams 2008).

As many other bacterial species, Thermo
toga maritima uses the Embden- Meyerhof 
pathways for glycolysis resulting in ace-
tate, lactate, ethanol, CO2 and H2. However, 
recycling of reducing equivalents is per-
formed by a trimeric [Fe-Fe] hydrogenase 
which uses both NADH and Fdred in a 1:1 
ratio to generate hydrogen (see Eq. 9.5).

 

NADH Fd H NAD
Fd H

red

ox

+ + →
+ +

+ +2 3
2 2 2  (9.5)
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This so-called “flavin-based bifurcating 
enzyme” is coupling the exergonic oxidation 
of Fdred (E0’ of Fdox/Fered = −453 mV) to drive 
the unfavorable oxidation of NADH (E0’ of 
NAD+/NADH + H+ = −320 mV) to produce 
H2 (E0’ = −420 mV) (Schut and Adams 2009). 
As this mechanism is favored by low 
 hydrogen pressures, in the case of higher H2 
pressures, a switch from acetate to lactate 
production is seen (Huber et al. 1986). This 
however does not seem to affect the bifurcat-
ing mechanism of the hydrogenase, which 
presumably remains the same.

The anaerobically purified “bifurcating” 
hydrogenase of T. maritima, the enzyme 
being inactivated in the presence of even 
trace amounts of oxygen, is composed of 
three subunits – HydA (73 kDa), HydB 
(68 kDa) and HydC (18 kDa) – in a 1:1:1 
ratio stoichiometry. The holoenzyme showed 
an apparent molecular mass of 500 kDa at 
pH 7.0 and one of 150 kDa at pH 10.0. The 
enzyme contained loosely bound FMN along 
with more than 30 Fe per heterotrimer in line 
with sequence analysis prediction (Buckel 
and Thauer 2012). Based on this latter 
approach, HydA subunit should harbor the 
active site interacting with hydrogen (H2). 
This prediction was confirmed by showing 
that HydA alone, after dissociation of the 
trimeric-complex with urea, can catalyze the 
reduction of viologen dyes with H2. Besides 
the hydrogen interacting site, HydA contains 
3x[4Fe-4S] and 2x[2Fe-2S] iron-sulfur clus-
ters with a 43 % sequence similarity to the 
monomeric [Fe-Fe] hydrogenase of 
Clostridium pasteurianum. HydA of T. mari
tima differs however in having a C-terminal 
extension with a [2Fe-2S] binding site which 
is lacking in the monomeric enzyme from C. 
pasteurianum.

The HydB subunit shows a 70 % similar-
ity to the gene product HndC of the NADP+-
reducing [Fe-Fe] hydrogenase from 
Desulfovibrio fructosovorans and 60 % 
 similarity to NuoF of the NADH:ubiquinone 
oxidoreductase from E. coli. Within the 
sequence, there are two highly conserved 
stretches, one featuring NAD+ binding sites 

and the other recalling orthodox FMN binding 
sites. The C-terminal part contains Cys 
motifs that could bind three [4Fe-4S] clus-
ters. At its N-terminus HydB contains four 
Cys residues that are suggested to be involved 
in binding a [2Fe-2S] cluster (Verhagen et al. 
1999).

The smaller subunit of this trimeric bifur-
cating hydrogenase, HydC, contains fours 
Cys residues arranged in a motif which is 
highly similar (58 %) to motifs in E. coli 
Nuo and D. fructosovorans HndA, which are 
supposed to bind a [2Fe-2S] cluster.

The above reported information, gives a 
picture of the HydABC complex that is ten-
tatively shown in Fig. 9.2 where a series of 
assumptions were made, namely: (a) the 
binding site for reduced ferredoxin (Fdred) at 
HydC; (b) the presence of a second FMN 
loosely bound to HydB; (c) the [Fe-Fe] cen-
ter plus [4Fe-4S] cluster as part of the active 
site of the hydrogenase in subunit HydA.

It has been proposed that the three genes 
encoding HydABC in T. maritima are 
arranged in a cluster hydCBA that is most 
likely a transcription unit (Verhagen et al. 
1999). Clustered genes for proteins with 
sequence similarity to HydABC product are 
also found in many other anaerobic bacteria 
such as for example Clostridium ljungdahlii 
(Kopke et al. 2010), Acetobacterium woodii 
(Poehlein et al. 2012), and Moorella thermo
acetica (Pierce et al. 2008), although these 
gene products have not been characterized. 
Interestingly, the enzyme complex from the 
anaerobe Thermoanaerobacter tengcongen
sis is composed of four subunits rather than 
three. Most likely, this is due to the fact that 
in this latter species the HydA homolog lacks 
the C-terminal extension with the [2Fe-2S] 
cluster so that a fourth subunit, homologous 
to the C-terminal extension, is required 
(Soboh et al. 2004).

Another interesting observation recently 
done by Thauer et al. (2010) is that electron- 
bifurcating [Fe-Fe] hydrogenases are not 
found in the Archaea domain which appear 
to only contain [Ni-Fe]- and/or [Fe]-
hydrogenases (Thauer et al. 2010).

Martina Cappelletti et al.
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As mentioned in Sect. III.D, several 
strains of Thermotogales, such as Petrotoga 
miotherma, Thermosipho africanus, Therm
otoga elfii, Fervidobacterium pennavorans 
and Thermotoga neapolitana, are able to 
tolerate microaerophilic growth conditions 
and efficiently produce H2 as a by- product of 
their metabolism (Van Ooteghem et al. 
2002). In particular, T. neapolitana showed 
the highest H2 production (25–30 % v/v) in 
these conditions (Van Ooteghem et al. 2004). 
Through the use of a bioinformatics approach 
it has been shown that the operon structure 
of T. neapolitana is the same as T. maritima 
in both the ordering and spacing of the ORFs 
(open reading frames) (Tosatto et al. 2008). 
In details, a high sequence conservation is 
preserved from a minimum of 75 % to a 
maximum of 91 % for all gene products with 
a sequence identity attributed to the [Fe-Fe] 
hydrogenase subunits of 85–91 %. Notably, 
the HydA subunits of both species share a 
91 % sequence identity, are of the same 
length, and can be aligned without gaps. At 
the DNA level, the two sequences share 
82 % identity, for a total of 375 mutated 
nucleotides, comprising three fully mutated 

codons  corresponding to mutations R363E 
(GAA → AGG), E475S (GAG → TCC) and 
T539L (ACA → GTG). Taking into account 
the sequences of T. petrophila and T. mari
tima showing that R363 is not conserved 
between the two species (GAA → AAA), it 
has been concluded that only two residues, 
E475S and T539L of the T. neapolitana HydA 
subunit appear to be subjected to strong 
selection (Tosatto et al. 2008). Apparently, the 
functional differences between T. neapolitana 
and T. maritima reside in these latter subtle 
changes possibly involved in the conforma-
tion of the active site (H-cluster) near the 
surface of the protein. As suggested by 
Cohen et al. (2005) in the C. pasteurianum 
[FeFe] hydrogenase crystal structure, there 
might be two alternative gas diffusion pathways 
defining a hydrophobic channel toward the 
H-cluster active site. As suggested in Fig. 9.3, 
the possibility of a selective effect on gas 
accessibility based on the size of side-chains 
and charge distribution on the protein sur-
face at the entrance of the hypothetical gas 
channels, B (Threonine 539) and A (Serine 
475) has been discussed in detail by Tosatto 
et al. (2008).

4H+

2H2

FMN

NAD++H+NADH

[Fe-Fe]

[4Fe-4S]

[2Fe-2S]
3x[4Fe-4S]

4e-

73 KDa

HydA

68 KDa

HydB

[2Fe-2S]
3x[4Fe-4S]

FMN

2e-

18 KDa

[2Fe-2S]

HydC

2e-
Fdred-2

Fdox

Fig. 9.2. Tentative representation of the structure and function of the HydABC complex from Thermotoga maritimae 
(See text for details).
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C. Hydrogen Production as a 
Function of Variable Substrate

As reported above, Thermotoga spp. are able 
to grow on a wide array of simple sugars 
and polysaccharides, including starch, 
β-1,4 glucan (cellulose), and hemicellulose 
(xylan, laminarin and mannan) (Conners 
et al. 2006). This capacity is consistent 
with the production of a diverse set of pro-
teins and enzymes that are devoted to the 
uptake and processing of carbohydrates 
(Vanfossen et al. 2008). The use of func-
tional genomics-based approaches has pro-
vided important insights into the various 
mechanisms employed by these microor-

ganisms to assimilate and metabolize car-
bohydrates, and has helped to identify the 
specific genes and operons involved 
(Nguyen et al. 2001, 2004). T. maritima 
genome encodes for the largest number of 
glycoside hydroxylases of any sequenced 
thermophile (Chhabra et al. 2003). These 
enzymes specifically hydrolyze the glyco-
sidic bond between two or more carbohy-
drates or between a carbohydrate and a 
non-carbohydrate moiety and function dur-
ing the mobilization of complex carbohy-
drates for subsequent metabolism. T. 
neapolitana produces enzymes such as 
α-galactosidase, a laminarinase, and two 
cellulases (endo-1,4-β-glucanases) that 

a

E475S

T539LPathway A
Pathway B

b

E475S T539L

Pathway A
Pathway B

c

Fig. 9.3. Structural model of Thermotoga neapolitana HydA protein. Panel A. Model is shown as cartoon 
beneath a semi-transparent surface. Iron–sulfur clusters are shown as spheres. Panel B. Close-up of upper half of 
model. Residues forming part of hydrophobic channel pathways A and B are shown as sticks. Residues mutating 
between T. neapolitana and Thermotoga maritima HydA proteins are shown as blue lines. Two mutated residues 
forming part of hydrophobic channel pathways A (E475S) and B (T539L), are in red and indicated by arrows. 
Panel C. Same model as in panel B, rotated by 90° around the x-axis to show a top view of the molecule, where 
hydrophobic channel entrances are located (Tosatto et al. 2008).
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have orthologs in T. maritima (Zverlov 
et al. 1997; Bok et al. 1998; King et al. 
1998), but this microorganism also pro-
duces several unique glycoside hydrolases. 
One example is a 1,4-β-D-glucan glucohy-
drolase (GghA), which hydrolyzes cellote-
traose, cellotriose, cellobiose, and lactose 
(McCarthy et al. 2004). T. petrophila slightly 
differs from T. maritima and T. neapolitana 
with respect to the utilization of certain sug-
ars, growing weakly on cellulose and, in the 
presence of a mixture of monosaccharides, 
utilizing glucose to a significantly lesser 
extent than the other two species (Takahata 
et al. 2001; Frock et al. 2012). Unlike T. 
maritima and T. neapolitana, T. elfii failed to 
grow on sucrose and carboxy methyl cellu-
lose (CMC) (Van Niel et al. 2002). T. mari
tima was shown to have a preference for 
complex carbohydrates, as growth in the 
presence of monosaccharides was slower 
than growth in the presence of oligo/poly-
saccharides (Chhabra et al. 2003).

1. Use of Simple Sugars  
and Polysaccharides

Thermotoga spp. produce hydrogen from a 
wide range of organic materials including 
complex carbohydrates and wastes/biomass 
rich in sugars. Simple sugars such as glucose 
and xylose are readily biodegradable and thus 
preferred as reference substrates for studying 
biochemical and physiological aspects of the 
hydrogen production by these bacteria. A 
wide variety exists among Thermotogales 
with respect to the utilization of sugars for 
growth and H2 production that is consistent 
with the genetic diversity between the strains 
and the degree of optimization of the process 
for H2 production (Frock et al. 2012). 
Table 9.2 summarizes the results of hydrogen 
production by Thermotoga spp. obtained 
with different types of simple and complex 
carbohydrates and different conditions of 
growth. Under optimal conditions, the oxida-
tion of glucose and xylose will at best result 
in the formation of 4 mol of H2 per mole of 
hexose and 3.33 mol−1 mol of H2 per mole of 
pentose, respectively. Maximum hydrogen 

yields, both from hexoses or pentoses, are 
obtained with acetate as fermentation prod-
uct. Lower yields are associated to the forma-
tion of more reduced end products compared 
to acetate, such as butyrate, propionate and 
alcohols (ethanol, butanol) and lactic acid. It 
would be therefore important to establish the 
actual bacterial metabolism resulting in ace-
tate as end product (Kaushik and Debabrata 
2004).

T. neapolitana converted effectively 
sucrose to H2 with H2 yield of 4.95 molH2/
molsucrose (Table 9.2) despite the poor fruc-
tose based metabolism reported for this 
strain (de Vrije et al. 2009, 2010). 
Woodward et al. (2002) reported the list of 
sugars that were used by T. maritima for H2 
production. This strain was shown to pref-
erentially use glucose, fructose, and galac-
tose, whereas  mannose and lactose 
metabolisms mainly produced carbon diox-
ide (Woodward et al. 2002). T. neapolitana 
and T. maritima were able to use the glu-
cose-based complex carbohydrates, starch 
and cellulose, for hydrogen fermentation, 
although H2 yields obtained with raw 
 cellulose (30 mLH2/gcellulose) were signifi-
cantly lower than with starch (180 mLH2/
gstarch) (Nguyen et al. 2008a). The pre-
treatment of cellulose with chemical agents 
(e.g. ionic liquids) that could disrupt the 
hydrogen-bonding network of the polysac-
charide significantly increased its degrad-
ability (Nguyen et al. 2008b).

2. Use of Carbon Sources from Varies 
Waste-Residues

Most studies on hydrogen production in 
Thermotoga have used glucose as carbon 
source although hydrogen production at a 
large scale should be based on cheap and 
renewable substrates, such as industrial/
agricultural wastes and residues. These 
materials have often high contents of hexose 
and pentoses stored in carbohydrate poly-
mers that are ideal conversion substrates for 
H2 generation (Ntaikou et al. 2010). The 
major criteria that have to be met for the 
selection of substrates suitable for fermenta-

9 H2 Production by Thermotogales spp



214

tive biohydrogen production are availability, 
cost, carbohydrate content, biodegradability 
and concentration of inhibitory compounds 
(Hawkes et al. 2002). As shown in Table 9.3, 
T. neapolitana was widely used in technical 
processes with variable feedstock sources 
owing to its many advantageous properties 
including tolerance of moderate oxygen 
amount (6–12 %) and resistance to high H2 
partial pressure (Van Ooteghem et al. 2002, 
2004). This strain was shown to successfully 
produce H2 from lignocellulosic materials 
such as rice straw, wheat straw and 
Mischantus (de Vrije et al. 2002, 2009; 
Nguyen et al. 2010b; Eriksen et al. 2011), 
algal biomasses (Nguyen et al. 2010c; 
Dipasquale et al. 2012) and food waste mate-
rials, such carrot pulp, cheese whey and 
molasses (Table 9.3) (de Vrije et al. 2010; 
Cappelletti et al. 2012). Many physical and 
chemical along with structural and composi-
tional factors in complex feedstock sources 
often hinder the biological digestibility 
(Chang et al. 2001). Because of that reason, 
pre-treatment methods including wet oxidation 
under alkaline conditions, mechanical 
pre-treatment, mild and concentrated acid 
hydrolysis and solvent extractions were 
required for an efficient utilization of these 
feedstock sources promoting the accessibil-
ity of polysaccharides in the substrates for 
enzymatic hydrolysis (Ntaikou et al. 2010). 
Molasses and cheese whey were effectively 
converted into H2 by both attached- and 
suspended- cells of T. neapolitana without 
any pre-treatment needed (Cappelletti et al. 
2012). Besides high yields in terms of H2 
production, the Thermotoga ability of utiliz-
ing different sugars in complex mixtures is 
essential in making H2 production from bio-
mass successful. Simultaneous utilization of 
glucose and xylose has also been observed in 
T. neapolitana (de Vrije et al. 2009), while in 
this microorganism, catabolite repression of 
lactose has been demonstrated in the pres-
ence of glucose (Vargas and Noll 1996). 
A preference for glucose was also shown by 
T. neapolitana when a mixture of glucose 
and fructose was present in the medium 
although both sugars were consumed at the 

same time (de Vrije et al. 2010). No mecha-
nism of carbon catabolite repression has yet 
been defined for T. maritima.

In addition to carbohydrate-rich residues, 
T. neapolitana was also shown to produce H2 
by fermenting waste glycerol that is the main 
byproduct of the large-scale productions of 
bio-diesel (Ngo et al. 2011a; Ngo and Sim 
2011). As compared with mesophilic 
Enterobacter aerogenes fermentation of 
glycerol, higher H2 yield was obtained with 
T. neapolitana (2.7 molH2 mol−1

glycerol instead 
of 0.9 molH2 mol−1

glycerol) (Ito et al. 2005) 
(Table 9.3).

Non-sugar substrates, such as yeast extract 
and trypticase that are components of the 
typical Thermotoga growth media, were 
shown to contribute to 9–12 % of the total H2 
production (d’Ippolito et al. 2010; Cappelletti 
et al. 2012). These media components repre-
sent undefined sources of nitrogen and car-
bon for bacteria that were shown to increase 
cell biomass and H2 production in T. mari
tima and T. neapolitana cultures growing on 
glucose, glycerol, cheese whey and molasses 
(Nguyen et al. 2008a; d’Ippolito et al. 2010; 
Ngo and Sim 2011; Cappelletti et al. 2012). 
van Niel et al. (2002) reported that growth of 
T. elfii was completely dependent on yeast 
extract, while in the absence of tryptone, 
lower H2 yields were obtained. Alternative 
nitrogen sources such as soybean meal or 
canola meal alone supported growth but H2 
production rates were reduced (Drapcho 
et al. 2008).

Because of the complexity and richness of 
some industrial/agricultural wastes, the utili-
zation of these complex feedstock sources 
for H2 production by Thermotoga could 
allow the reduction of the process-associated 
cost by simplifying the culture medium. A 
growth medium composed only by NH4Cl, 
K2HPO4, NaCl, buffer and cysteine-HCl (see 
Sect. IV.D.b) led to an efficient H2 produc-
tion from molasses with T. neapolitana 
(Cappelletti et al. 2012). The omission of 
vitamin and trace elements solutions, some 
inorganic elements and nitrogen sources 
reduced the fermentation cost without a sig-
nificant lost in H2 production. Further cost 
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reductions were achieved by replacing the 
lab-grade NaCl with non-refined sea salt and 
the cysteine-HCl with metabisulfite (see 
Sect. IV.D.b) (Cappelletti et al. 2012).

D. H2 Production Process and 
Culture Parameters

Environmental parameters such as pH, 
hydrogen partial pressure, media compo-
nents and temperature, are key factors as 
they influence the metabolism and therefore 
the fermentation end products. Thus, optimi-
zation of these processes and culture param-
eters is required to give enhanced H2 yields.

1. Product Inhibition

Strategies for growth under H2 inhibition 
conditions have been developed in hypether-
mophiles including T. maritima and T. nea
politana. H2-producing archea and bacteria 
can use sulfur compounds such as elemental 
sulfur, polysulfides, and cystine as alter-
native electron acceptors (Adams 1990; 
Drapcho et al. 2008). The use of Fe(III) as 
electron acceptor was also observed in T. 
maritima when H2 levels became inhibitory 
(Vargas et al. 1998). Nevertheless, the meta-
bolic pathways of hydrogen formation are 
sensitive to H2 concentrations and are sub-
ject to end-product inhibition. Therefore, the 
H2 partial pressure is an extremely important 
factor for hydrogen synthesis. H2 production 
is a means by which bacteria re-oxidise 
reduced ferredoxin and hydrogen-carrying 
coenzymes, and these reactions are less 
favourable as the H2 concentration in the liq-
uid rises (Hawkes et al. 2002). Consequently, 
H2 production decreases and the metabolic 
pathways shift to production of more reduced 
substrates such as lactate, ethanol, acetone, 
butanol, or alanine (Levin et al. 2004). 
Several strategies have been developed to 
avoid the negative effect of H2 accumulation. 
These include vigorous mixing to avoid 
super-saturation (Lay 2000), utilization of H2 
permeable membrane to remove dissolved 
H2 from mixed liquor (Liang et al. 2002) and 
sparging with inert nitrogen. The application 

of the latter technique to T. neapolitana 
growing on either glucose or waste glycerol 
increased the H2 production by 50–80 % 
(Nguyen et al. 2010a; Ngo et al. 2011b). 
However, d’Ippolito et al. (2010) showed 
that sparging with nitrogen had a little influ-
ence on H2 yield at low ratio between the vol-
umes of culture and headspace. Gas sparging 
became more important with the increase of 
the liquid fraction. They observed the high-
est H2 yield with a culture/headspace volume 
ratio of 1:3. An increased ratio between gas 
and liquid phase volumes was also associ-
ated to a decreased synthesis of lactic acid in 
cultures of Thermotoga maritima (Schröder 
et al. 1994).

In addition to culture/headspace volume 
ratio, the stirring regime and the substrate 
concentration were shown to influence H2 
production most probably because of their 
correlation to the dissolved H2 concentration 
(Hawkes et al. 2002). A moderate agitation of 
the cultures (at 75 rpm) was shown to almost 
double the H2 production by T. neapolitana 
cultures in 20 h of growth on glucose (Van 
Ooteghem et al. 2002). Using the same type 
of culture and carbon source, H2 production 
rate was improved by increasing the stirring 
speed from 300 to 400 rpm. However, speeds 
of 500 and 600 rpm did negatively affect this 
fermentative process (Ngo et al. 2011b).

Considering the influence of the substrate 
concentration on the H2 production process, 
Nguyen et al. (2008a) reported that concen-
trations of glucose over 15 g/L had inhibi-
tory effects on cell growth and H2 production 
in T. neapolitana and T. maritima strains 
batch cultures. The growth and H2 content 
showed the highest values at the initial glu-
cose concentration of 7.5 g/L for both strains. 
In T. neapolitana cultures growing on xylose, 
the maximal values of biomass and cumula-
tive H2 production were obtained at an initial 
substrate concentration of 5.0 g/L, while 
higher concentrations of xylose were not 
favorable for T. neapolitana growth and H2 
formation (Ngo et al. 2012). However, at 
substrate concentration of 5.0 g/L, the con-
verted H2 yield from xylose was lower than 
at the initial xylose concentration of 2 g/L 
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suggesting that the change in xylose concen-
tration remarkably affected not only H2 pro-
duction itself but also the substrate utilisation 
(Ngo et al. 2012). The best performing initial 
concentration of waste glycerol (3.0 g/L) 
was less than half than the pure glycerol 
(7.0 g/L) despite they resulted in comparable 
H2 productions (Ngo and Sim 2011). This 
indicates different potentials of the two types 
of glycerol sources to release a specific 
amount of H2.

2. pH Buffering System

A rapid decrease in pH is observed in cul-
tures of Thermotoga spp. fermenting sugars 
to H2 causing, in some cases, the process to 
stop before all the substrate is consumed 
(Eriksen et al. 2008). Experiments with pH 
adjustment showed that when cultures were 
neutralized with either increased initial buffer 
or injection of NaHCO3 or NaOH, glucose 
was completely consumed and H2/acetic 
acid productions increased proportionally. 
Both the type of buffer and the initial pH 
have significant effect on H2 production 
process. Organic and inorganic buffer systems 
have been tested in literature resulting in dif-
ferent H2 productions depending on the 
growth conditions and buffers concentration 
in the culture medium. HEPES resulted to be 
the best performing buffer when compared 
to HPO4:H2PO4, Tris-HCl, Mops, Pipes 
buffers in experiments using T. neapolitana 
batch cultures growing on glucose (Cappelletti 
et al. 2012). Effective H2 productions were 
also obtained with HEPES- buffered medium 
containing raw material feedstocks such as 
cheese whey, molasses and glycerol waste as 
carbon sources for T. neapolitana (Ngo et al. 
2011a; Cappelletti et al. 2012). The good 
buffering properties of HEPES might be due 
to its pK (7.55) that is near the optimum for 
the growth of T. neapolitana. Itaconic acid 
was also successfully used to overcome 
pH-induced limitations of H2-producing  
T. neapolitana cultures growing glucose. 
The buffering capacity of this carbohydrate 
was tested after that it was found to be poorly 
metabolized by this strain (Van Ooteghem 

et al. 2004). Its applicability for H2 produc-
tions from industrial residues was demon-
strated by Ngo and Sim (2011). The addition 
of itaconic acid into the culture medium of 
T. neapolitana growing on waste glycerol 
increased the process performance by almost 
40 % (Ngo and Sim 2011).

In addition to the buffer, the initial pH 
value was shown to have a significant effect 
on growth and H2 production of Thermotoga 
spp. Anna et al. (1991) indicated that the pH 
control is crucial to the H2 formation path-
way because of the effects of pH on the 
hydrogenase activity. The optimum initial 
pH for T. neapolitana suspended-cells 
ranged from 6.5 to 7.5 depending on both the 
substrate and the conditions of growth (Ngo 
et al. 2011b). Interestingly, an higher pH 
range (7.7–8.5) yielded the highest hydrogen 
production in experiments with glucose- 
grown T. neapolitana attached-cells on 
ceramic supports (Cappelletti et al. 2012). 
An initial pH of 7.0 provided the most prom-
ising results in terms of H2 and acetic acid 
productions in T. neapolitana growing on 
xylose (Ngo et al. 2012). The optimum 
initial pH values for growth and hydrogen 
production from glucose were 6.5–7.0 for 
T. maritima and 6.5–7.5 for T. neapolitana, 
respectively. The best performing initial pH 
for H2 production from glycerol by T. nea
politana was 7.0–7.5 (Ngo and Sim 2011). 
The application of initial pH above 8 resulted 
in a decrease of cumulative H2 production as 
well as cell concentration suggesting the 
influence of pH over the metabolism path-
way of the bacteria (Ngo and Sim 2011).

3. Oxygen Exposure

Hydrogen production by Thermotoga strains 
is a hyperthermophilic anaerobic process, 
thus, high temperatures (70–90 °C) and 
strictly anaerobic conditions must be initi-
ated and maintained in the reactor vessel 
during production.

Some researchers have reported that low 
concentrations of oxygen are tolerated by 
both T. neapolitana (Tosatto et al. 2008) and 
T. maritima (Le Fourn et al. 2008) and an O2 
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insensitive hydrogenase have been described 
in T. neapolitana (Käslin et al. 1998). Van 
Ooteghem et al. (2002, 2004) reported that 
microaerobic metabolism increased the H2 
yield from T. neapolitana up to values higher 
than the theoretical 4 molH2/molglucose possi-
ble from fermentative metabolism 
(Table 9.2); however, this result was not con-
firmed by other researchers who observed H2 
production after the injection of O2, but with 
rate and extent that were lower than those 
found in cultures without O2 (Eriksen et al. 
2008; Munro et al. 2009).

Prevention of O2 exposure could be diffi-
cult on an industrial scale and requires expen-
sive reducing agents (cysteine-HCl). 
Anaerobic conditions can be initiated, main-
tained, and monitored in the reactor vessels 
by (1) flushing media with nitrogen gas, (2) 
heating or boiling of the media to remove dis-
solved oxygen, (3) adding chemical agents 
such as sodium sulfite or cysteine- HCl to 
consume residual O2 in the liquid, (4) adding 
resazurin to act as visible redox  indicator, 
and (5) maintaining positive pressure in head-
space to prevent air contamination (Drapcho 
et al. 2008). Cysteine-HCl at concentration of 
0.5–1 g/L was commonly added to provide 
reducing conditions in media and consume 
residual oxygen (de Vrije et al. 2002; Van 
Ooteghem et al. 2002, 2004). The addition of 
a reducing agent to H2 production resulted to 
be fundamental even when complex feed-
stock sources were supplemented to the cul-
ture medium. However, to reduce the cost of 
the process, the utilization of cheaper reduc-
ing agents was attempted. For example, the 
replacement of cysteine-HCl with metabisul-
fite (MBS) gave promising results in terms of 
both medium cost (90 % reduction) and H2 
yield in T. neapolitana cultures growing on 
molasses (Cappelletti et al. 2012). Conversely, 
in the cheese whey tests, the attempt to 
replace cysteine with MBS led to poor per-
formances (Cappelletti et al. 2012).

4. Growth-Temperature and H2 Production

Optimum temperature of growth differs 
among Thermotoga species and has to be 
considered in the bioreactor operating pro-

cess to maximize H2 production rates (Munro 
et al. 2009; Nguyen et al. 2008a). Optimum 
temperature of growth and H2 production is 
77 °C for T. maritima, 88 °C for T. petrophila 
and T. naphthophila and only 66 °C for T. 
elfii (Jannasch et al. 1988; Huber and Hannig 
2006). Cultures of T. neapolitana grown at 
77 and 85 °C exhibited the greatest rate and 
extent of H2 production (Munro et al. 2009).

Advantages to using high temperatures 
for fermentation process include (1) to 
reduce the likelihood of contamination by 
H2-consuming organisms that lessens the 
need for sterilization of media and equip-
ment, (2) to favour the catalytic activity of 
hydrogenase of evolving H2 (Adams 1990) 
(3) to directly utilize industrial organic 
wastewaters that are often discharged at ele-
vated temperatures; (4) to avoid cooling 
down processes usually required by meso-
philic fermentations that in large scale gen-
erate excess heat (Drapcho et al. 2008).

V. Future Perspectives

This Chapter summarizes our present 
 knowledge on the microbiology, physiology, 
and biochemistry of the Thermotogales order 
with the aim to better define problems and 
challenges linked to H2 production. In this 
respect, it is worth noting that important 
improvements have been recently made through 
optimization of both the bioprocess parameters 
and Thermotoga spp. to be used. Although the 
identification of suitable feed- stocks for fer-
mentative hydrogen production was done, more 
research work to improve hydrogen produc-
tion rates and yields, is required. The use, for 
example, of Thermotoga strains metabolically 
engineered and the development of a “two stage 
process” is likely to improve H2 production. 
Indeed, this latter approach involves the fer-
mentation of the selected substrate to both 
hydrogen and organic acids by Thermotoga 
spp. in the first stage and, in a second stage, 
either an additional energy extraction or the 
generation of highly-valuable products by 
exploiting the effluent of the first stage reactor. 
An alternative approach to improve H2 produc-
tion might also be achieved through a specific 
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bioreactor configuration ameliorating both 
biomass concentration and substrate con-
version efficiency by employing biomass 
retention systems such as granules, flocs or 
biofilm-formation supports.
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Summary

Bioelectrochemical systems involve the use of exoelectrogenic (i.e., anode-reducing) microbes to 
produce current in conjunction with the oxidation of reduced compounds. This current can be used 
directly for power in a microbial fuel cell, but there are alternate uses of this current. One such alterna-
tive is the production of hydrogen in a microbial electrolysis cell (MEC), which accomplishes cathodic 
proton reduction with a slight applied potential by exploiting the low redox potential produced by 
exoelectrogens at the anode. As an indirect approach to biohydrogen production, these systems are 
not subject to the hydrogen yield constraints of fermentative processes and have been proven to work 
with virtually any biodegradable organic substrate. With continued advancements in reactor design to 
reduce the system internal resistance, increase the specific surface area for anode biofilm develop-
ment, and decrease the material costs, MECs may emerge as a viable alternative technology for bio-
hydrogen production. Moreover, these systems can also incorporate other value-added functionalities 
for applications in waste treatment, desalination, and bioremediation.
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I. Principles of Microbial  
Electrolysis Cells

Bioelectrochemical systems (BESs) can be 
configured to present an approach to biologi-
cal hydrogen production that is distinctly 
different from fermentative and photohetero-
trophic routes. These systems involve micro-
bially catalyzed electrode reactions that 
produce current, and microbial electrolysis 
cell (MEC) designs use that current to reduce 
protons. This chapter introduces the basic 
microbial and electrochemical features, per-
formance, and potential applications of this 
emerging technology.

A. Microbially Catalyzed Anode 
Reduction with Applied Potential

The essential feature of BESs is the microbially 
catalyzed reduction of an anode and/or oxi-
dation of a cathode to sustain an electrical 
current. Over the past decade, this extracel-
lular redox capability of some microbes has 
been exploited in the development of numer-
ous BES designs having a myriad of applica-
tions and end products. Potential applications 
include waste treatment (Logan 2008), 
remote data collection (Lowy et al. 2006; 
Tender et al. 2008), water desalination (Cao 
et al. 2009), and bioremediation (Lovley 2011). 
Depending on the application, systems can be 
configured to directly recover power (micro-
bial fuel cells (MFCs)); conserve the electrical 
current in the production of reduced energy 
carriers or chemicals such as hydrogen (Liu 
et al. 2005b; Logan et al. 2008b; Rozendal 
et al. 2006), methane (Cheng et al. 2009), 
acetate (Nevin et al. 2011), and hydrogen 
peroxide (Rozendal et al. 2009); use current 

to support desired cathodic reactions such as 
nitrate reduction (Clauwaert et al. 2007), 
chromate reduction (Hsu et al. 2012), or 
reductive dechlorination (Aulenta et al. 
2009); and/or couple charge separation with 
the recovery of products such as caustic soda 
(Pikaar et al. 2011; Rabaey et al. 2010) or 
desalinated water (Kim and Logan 2011; 
Luo et al. 2011).

Hydrogen can be produced in a BES 
design commonly referred to as an MEC 
(Fig. 10.1). In these systems, exoelectrogenic 
microbes are used to oxidize an electron 
donor and reduce an anode. These reducing 
conditions result in a low anode potential 
(Ean), only slightly higher than the reduction 
potential for protons at pH 7 (i.e., −0.414 V). 
Taking advantage of this low Ean, the addi-
tion of a small applied voltage from a power 
source (Eps) and maintenance of anaerobic 
conditions in the cathode will reduce the 
cathode potential below this value and result 
in hydrogen evolution from the cathode. Eps 
can be as small as approximately 0.25 V, 
much smaller than the roughly 1.6 V that 

Fig. 10.1. Schematic of a two-chamber microbial 
electrolysis cell.

Abbreviations: BES – BioElectrochemical system; 
COD – Chemical oxygen demand; E – Cell voltage; 
Ean – Anode potential; Eps – Applied voltage from 
the power source; MEC – Microbial electrolysis cell;  
MFC – Microbial fuel cell; Rex – External resistance; 
SHE – Standard hydrogen electrode; SS – Stainless 
steel; VSS – Volatile suspended solids
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must be added in practice to electrolyze 
water, though the current density and 
hydrogen production rate increase with  
Eps (Liu et al. 2005b). By capturing the 
exoelectrogen- produced current and boosting 
the potential slightly, MECs offer an indirect 
(i.e., not strictly hydrogenase dependent) 
means of biological hydrogen production.

B. Substrate Versatility

One of the main advantages of MECs relative 
to other biohydrogen production approaches 
is the substrate versatility they offer. Given 
that the hydrogen in these systems is derived 
from microbially produced current, and is 
not a direct product of microbial metabolism, 
MECs do not have the substrate limitations 
associated with fermentative or photofer-
mentative hydrogen production routes. 
Exoelectrogenesis has been demonstrated in 
BESs using virtually any biodegradable 
organic electron donor. These include simple 
substrates such as acetate (Liu et al. 2005b), 
butyrate (Liu et al. 2005a), glucose (Selembo 
et al. 2009b), and ethanol (Kim et al. 2007). 
Current production has also been demon-
strated using polymeric materials such as 
cellulose (Ren et al. 2007) and proteins 
(Heilmann and Logan 2006) as well as com-
plex mixtures such as dairy manure (Kiely 
et al. 2011), swine wastewater (Wagner et al. 
2009), domestic wastewater (Hays et al. 2011), 
brewery wastewater (Feng et al. 2008), and 
sediments (Bond et al. 2002).

A related benefit of MECs relative to fer-
mentative hydrogen production routes is that 
the process does not encounter the funda-
mental fermentative barrier in hydrogen 
yield associated with the production of other 
reduced products. For example, in a fermen-
tation that yields acetate and butyrate, each 
mole of acetate and butyrate retains 8 and 
20 e− eq that will not contribute to hydrogen 
yield (representing a loss of 4 mol H2 mol 
acetate−1 and 10 mol H2 mol butyrate−1) 
unless followed by a photoheterotrophic 
route. In an MEC, even if fermentations are 
occurring in the system, the products are 

compatible substrates for exoelectrogenesis 
and can contribute to current production 
and indirect hydrogen formation at the cath-
ode. MECs are capable of converting a high 
 percentage of the substrate into current and 
hydrogen, with recoveries depending on the 
substrate complexity and system operating 
conditions.

C. Hydrogen Production Rates  
and Yield and Energy Efficiency

The hydrogen generation performance in 
MECs is usually evaluated in terms of pro-
duction rate, hydrogen yield, and energy 
recovery. The production rate of hydrogen in 
MECs, QH2 (m3 m−3 d−1), is calculated based 
on the volume of hydrogen produced, the 
volume of catholyte, and the duration of the 
process. Reported QH2 values have generally 
ranged from 0.01 to 6.3 m3 m−3 d−1, and with 
optimized volumetric current density achieved 
by reducing electrode spacing to 2 cm, the 
maximum hydrogen production rate of 
17.8 m3 m−3 d−1 was reported (Cheng and 
Logan 2011) at an Eps of 1 V. Although this is 
still lower than the production rate of dark 
fermentation (up to 64.5 m3 m−3 d−1 (Li and 
Fang 2007)), factors such as reactor architec-
ture (Call and Logan 2008; Hu et al. 2008; 
Lee et al. 2009; Tartakovsky et al. 2009), 
electrode materials (Cheng and Logan 2007; 
Lee and Rittmann 2010), solution chemistry 
(Merrill and Logan 2009), and operation 
modes (Lee et al. 2009) can affect hydro-
gen production rate in MECs and are the 
subject of current research and development 
advancements.

The hydrogen yield in MECs, YH2 
(mg- H2 mg-COD−1), can be calculated based  
on the chemical oxygen demand (COD) 
removal as

 
Y

n M

v CODH

H H

L
2

2 2=
∆  

(10.1)

where nH2
 is the moles of hydrogen recov-

ered in the system, M H2
 is the molecular 

weight of hydrogen, and vL the volume of 
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liquid in the anode chamber. ∆COD is the 
change in COD based on the concentrations 
in the reactor influent and effluent for con-
tinuous flow tests, or the starting and final 
CODs for batch tests (Logan 2008). The 
hydrogen yield in MECs can also be calcu-
lated in molar units (mol-H2 mol-COD−1) by

 
Y

n

nH

H

COD
2

2=
∆  

(10.2)

where nΔCOD is the molar change in COD in 
the reactor (Logan 2008).

Compared to other biohydrogen processes, 
MECs have higher hydrogen yields and the 
ability to use both fermentable and non-
fermentable organics. At an Eps of 0.6 V, 
hydrogen yields using cellulose, glucose, or 
volatile acids including acetic acid, butyric 
acid, lactic acid, propionic acid, or valeric 
acid, ranged from 3.65 to 8.77 mol-H2 mol- 
substrate−1 (Table 10.1) (Cheng and Logan 
2007).

In MECs, the direct energy input includes 
both the substrate degraded by the bacteria 
and the power source for poising the cell 
voltage. The total energy recovery of the 
MEC process, ηW + S, based on both the sub-
strate consumption and electricity input is 
calculated as

 
hW S

H

in S

W

W W+ =
+

2

 
(10.3)

where WH2
 (kWh) is the energy value of the 

recovered hydrogen, calculated as follows 
based on the moles of hydrogen recovered, nH2

, 
and the heat of combustion for hydrogen, 
HH2

 (kJ mol−1)

 
W n HH H H2 2 2

= ∆ .  (10.4)

The energy value of the substrate, Ws 
(kWh), is similarly calculated based on the 
moles the substrate, nS, and the heat of com-
bustion for the substrate, as

 W n HS S S= ∆ .  (10.5)

The energy of electricity input, Win (kWh), 
is calculated by subtracting energy lost by 
the inclusion of the external resistor, WR, 

from the total energy from the power source, 
Wps, as

W W W IE I R dtin ps R

t

t

ps ex= - = -( )
=
ò

0

2

 
(10.6)

where I = E/Rex is the current calculated in 
the MEC circuit based on measuring the cell 
voltage (E) across an external resistor (Rex), 
and dt the time increment. The subtraction of 
WR is to adjust the power lost that does not go 
into hydrogen production. Sometimes, 
energy recovery is calculated based on only 
electricity input as
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(10.7)

or substrate as
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The theoretical limits of the energy 
recovery for hydrogen production from ace-
tate in MECs under standard biological 
conditions, based on electricity (ηW), sub-
strate (ηs), or both (ηW + S), are 1,094 %, 
131 %, and 117 %, respectively (Logan 
et al. 2008a). In practical operation of a 
membrane-less MEC system with increased 
anode surface area and decreased electrode 
spacing, the total energy efficiency based 
on both electricity input and substrate 
degraded could reach up to 86 % at 
Eps = 0.2 V (Call and Logan 2008).

Table 10.1. Hydrogen production using cellulose, 
 glucose, or different volatile acids at an applied voltage 
of 0.6 V (Cheng and Logan 2007).

Substrate
YH2, mol of H2 per 
mol of substrate

Production  
rate m3 m−3 d−1 

Glucose 8.55 1.23
Cellulose 8.20a 0.11
Acetic acid 3.65 1.10
Butyric acid 8.01 0.45
Lactic acid 5.45 1.04
Propionic acid 6.25 0.72
Valeric acid 8.77 0.14
a Calculated per mole of hexose equivalent
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II. Microbial Catalysts at the Anode

While there is considerable variability in 
MEC designs and features, an essential com-
ponent of all MECs is an exoelectrogenic 
microbial catalyst at the anode that converts 
electron donor substrate into electrical cur-
rent. There are several known mechanisms 
for this extracellular electron transfer, includ-
ing the use of redox mediators, which may be 
self-produced (Rabaey et al. 2005), produced 
by another microbial community member 
(Pham et al. 2008a, b), or exogenously added 
(Sund et al. 2007); outer membrane cyto-
chromes (Bretschger et al. 2007); or conduc-
tive pili (Reguera et al. 2005; Gorby et al. 
2006). Significant advancements have been 
made in understanding the physiology of 
these mechanisms through the study of 
model organisms such as Geobacter spp. 
(Lovley et al. 2011) and Shewanella spp. 
(Biffinger et al. 2011). Molecular commu-
nity analyses of mixed-culture systems have 
characterized the exoelectrogenic communi-
ties in a variety of conditions (Kiely et al. 
2011; Lu et al. 2012). The results often show 
a predominance of Geobacter spp., but some 
communities have other dominant popula-
tions, sometimes of unknown exoelectro-
genic potential. Isolation efforts have 
broadened the collection of known exoelec-
trogens to include species such as 
Comamonas denitrificans (Xing et al. 2010), 
Ochrobactrum anthropi (Zuo et al. 2008), 
and Enterobacter chloacae (Rezaei et al. 
2009), but this is still very much an emerg-
ing area in microbiology.

There are two noteworthy nonexoelectro-
genic metabolisms that can play a significant 
role in MEC communities, homoacetogens 
and methanogens. The former group 
(Parameswaran et al. 2011) can affect the 
recycling of electrons in the system by con-
verting hydrogen that leaks to the anode back 
into acetate, which is a suitable substrate for 
exoelectrogens. Methanogens, on the other 
hand, can cause a loss of hydrogen produc-
tivity in MECs by converting acetate and 
hydrogen into methane (Jung and Regan 
2011).

III. Cathode Reaction

A. Inorganic Catalysts

Electrochemical hydrogen production on the 
cathode of MECs can be greatly accelerated 
by metal catalysts, since they can effectively 
decrease the cathode overpotential. The most 
used metal catalyst for this process is platinum. 
However, this noble catalyst is not an ideal 
choice for the practical large-scale applica-
tion of MECs due to its high cost and poison-
ing by chemicals such as sulfide, which is a 
common constituent of wastewater (Zhang 
et al. 2010). Therefore, non- precious inor-
ganic catalysts such as cobalt and iron cobalt-
based compounds (Cheng and Logan 2008), 
nickel oxides and alloy (Hu et al. 2009; 
Selembo et al. 2009a, 2010), tungsten car-
bide powder (Harnisch et al. 2009), and a 
combination of palladium and platinum 
(Tartakovsky et al. 2008) have been studied 
to replace Pt for hydrogen production in 
MECs.

In addition to evaluating alternate catalysts 
for proton reduction, studies using stainless 
steel (SS) instead of platinized carbon cloth 
or carbon fiber as cathode material have also 
been reported (Selembo et al. 2009a; Zhang 
et al. 2010). MECs with nickel, SS, or their 
alloys and related compounds as alternative 
cathode materials and catalyst showed com-
parable performance to platinum in terms of 
hydrogen production rate, hydrogen yield, 
and energy recovery (Table 10.2), while 
these non-precious catalysts only cost less 
than 20 % of platinum. However, both nickel 
and SS were found prone to corrosion, which 
was not detected on a platinized carbon 
electrode.

B. Biocathodes

An alternative approach to catalyzing proton 
reduction is the use of a biocathode, which 
offers a great alternative to platinum in that 
biocathodes are low cost and self-generating. 
To catalyze the cathodic reaction, microor-
ganisms on biocathodes take up electrons 
from the electrode material and use these 
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electrons to produce hydrogen. Metal- oxidizing 
microorganisms are known for taking up 
electrons from extracellular solid material 
and using the electrons from this reaction 
for metabolic process. On the other hand, 
microorganisms that contain hydrogenases 
catalyzing the reversible reaction of hydro-
gen oxidation and reduction are found in 
various environments.

The microbial uptake of electrons from a 
cathode for the production of hydrogen in an 
MEC was shown for the first time by Rozendal 
et al. (2008). The biocathode they developed 
was obtained by enriching an anodic biofilm 
of hydrogen-oxidizing and electrochemically 
active microorganisms. When stable anodic 
current was reached, the polarities of anode 
and cathode were reversed, and the anode-
enriched biofilm was shifted to a biocathode. 
With the cathode potential poised at −0.7 V 
vs. standard hydrogen electrode (SHE), the 
biocathode achieved a hydrogen production 
rate of 0.63 m3 m−3 d−1, compared to 

0.08 m3 m−3 d−1 in a negative control. Further 
analysis of the microbial community indi-
cated that the dominant microorganism was 
Desulfovibrio spp., which can metabolize 
hydrogen and has the potential for exocellu-
lar electron transfer. This was confirmed by 
the pure culture study of Desulfovibrio vul-
garis strain G11 on a cathode for current 
uptake and hydrogen production (Croese 
et al. 2011). Later, Desulfitobacterium-
enriched culture also showed the capability 
of catalyzing hydrogen production without 
mediators at a cathode potential of −750 mV, 
with a hydrogen production rate of 13.5 μeq 
mg VSS−1 d−1 (Villano et al. 2011). These 
studies of MEC biocathodes show promising 
potentials of improving MEC cost-effective-
ness. However, for mixed-culture MEC bio-
cathodes, the presence of methanogenesis 
might introduce competitive reactions to 
hydrogen production, resulting in decreased 
hydrogen content and increased methane 
ratio in the produced gas.

Table 10.2. Performance of acetate-fed MECs with different cathode materials and catalysts.

Eps (V) Catalyst mg/cm2

QH2  
(m3 m−3 d−1)

YH2  
(mol/mol) ηw (%) ηw+s (%)

Cost relative  
to Pt References

0.9 SSa alloys 1.5 NA 107 – <1 % Selembo et al. (2009a)
0.9 Ni alloys 0.79 NA  68 29 <1 % Selembo et al. (2009a)
0.9 SS mesh 2.1 NA 74 <3 % Zhang et al. (2010)
0.6 Ni alloys 1.5–2 2.2–2.6 114–182 – <10 % Hu et al. (2009)
0.6 Ni powder 1.3 – 210 65 <1 % Selembo et al. (2010)
0.6 Ni powder/CBa 1.2 – 252 73 – Selembo et al. (2010)
0.6 NiOx 0.9 – 215 67 – Selembo et al. (2010)
0.6 SS brush 1.7 – 221 – <20 % Call et al. (2009)
0.6 Pt, 0.5 0.5–2.3 1.9–2.5 151–204 – 100 % Call and Logan 

(2008), Cheng and 
Logan (2007), and 
Hu et al. (2008, 
2009)

0.4 Ni alloys 1.1–1.6 1.4–2.2 200–240 – <10 % Hu et al. (2009)

0.4 Pt, 0.5 0.2–1.6 1.0–3.3 205–430 – 100 % Call and Logan 
(2008), Cheng and 
Logan (2007), and 
Hu et al. (2008, 
2009)

aSS stainless steel, CB carbon black
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       I. Introduction 

 Laboratory scale biohydrogen studies have 
mostly been carried out with synthetic cul-
ture media. High production costs associated 

with these media are prohibitive for large 
scale processing, and as a result, the utiliza-
tion of waste materials as renewable micro-
bial substrate sources is increasingly being 
considered to address the economic restric-
tions of biological hydrogen production. 
Several researchers working on photofer-
mentative hydrogen production have based 
their studies on the utilization of food and 
agricultural waste materials with high levels 
of organic compounds as feedstock (Rocha 
et al.  2001 ). This approach can potentially 
connect the benefi ts of energy production 
with waste management. 

 Availability, biodegradability, cost, organic 
acid content and the carbon to nitrogen ratio 
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  Summary 

 Scientifi c and market strategy is essential in developing biological hydrogen production 
processes. Plans for future research should be based on current knowledge, experience and 
techniques. This chapter focuses on the applied issues of photofermentative H 2  production 
using purple non sulfur bacteria (PNSB) in combined systems, and in particular, the 
optimization of the process on real feedstock such as olive mill wastewater and dark fermenter 
effl uents (DFEs) of thick juice, molasses, and potato steam peels. Based on the current state 
of the knowledge in the fi eld, the future applicability and prospects of these systems are 
evaluated. Strategies to overcome the problems are outlined.    

 Abbreviations  :        BCI   –    Biomass cost index    ;    BOD   –  
  Biological oxygen demand    ;    COD   –    Chemical oxygen 
demand    ;    CSTR   –    Continuously stirred tank reactor    ;  
  DFE   –    Dark fermenter effl uent    ;    FVW   –    Fruit and vegetable 
wastes    ;    g dcw  l c  −1    –    Gram cell dry weight per liter of culture    ;  
  HRT   –    Hydraulic retention time    ;    LDPE   –    Low density 
polyethylene    ;    l H2    –    Liters of hydrogen    ;    l OMW    –    Liters of 
olive mill wastewater    ;    M   –    Molar    ;    OMW   –    Olive mill 
wastewater    ;    PBR   –    Photobioreactor    ;    PNSB   –    Purple 
non-sulfur bacteria    ;    SRW   –    Sugar refi nery wastewater    ;  
  TOC   –    Total organic carbon    ;    VFA   –    Volatile fatty acids    
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of feedstocks are some of the critical selection 
measures for fi nding the right waste material 
for photofermentative hydrogen production 
(Kapdan and Kargi  2006 ). The choice of 
waste material depends not only on its hydro-
gen production performance, but also on its 
abundance and environmental impact, which 
vary regionally. For example, olive mill 
wastewater, with a total annual production of 
30 million m 3 , is an environmental concern 
in the Mediterranean region, (Ergüder et al. 
 2000 ; Sabbah et al.  2004 ) whereas tofu 
wastewater is a signifi cant food waste for 
countries in Eastern Asia. As it can be 
expected, the optimum conditions and the 
economics for these widely varying applica-
tions can be completely different from one 
another; hence, biological H 2  production 
technology must be developed specifi cally 
for the selected waste. To form an overall 
framework for a sustainable biohydrogen 
economy, it is crucial to exchange and accu-
mulate the knowledge and expertise obtained 
from these diverse case studies. 

 The use of integrated processes, which 
combine multiple organisms and metabolic 
modes for hydrogen production, is a rather 
recent development in the biohydrogen fi eld 
with the intent to reduce the amount of feed-
stock utilization and its related costs while 
improving the hydrogen production (Eroglu 
and Melis  2011 ). Thus, an increasing num-
ber of studies focused on the combination of 
dark and photo fermentation processes either 
towards sequential two-step or combined 
single-step processes (Argun et al.  2009 ; 
Zong et al.  2009 ; Özgür et al.  2010a ,  b ; Yang 
et al.  2010 ; Avcioglu et al.  2011 ; Boran et al. 
 2012a ; Rai et al.  2012 ). Sequential two-step 
processes are based on the utilization of dark 
fermenter effl uents (DFEs) as a substrate 
source for photofermentative hydrogen pro-
duction. Dark-fermentation can be used 
either as a pretreatment stage for improving 
the physicochemical properties of the waste 
material, or to produce hydrogen itself. On 
the other hand, the integration of dark- 
fermentation and photofermentation into a 
single stage has also been proposed as an 
alternative and less labor-intensive process 
option. Such an arrangement may also 

reduce or eliminate the need for external pH 
adjustment, as the acidic environment caused 
by the dark fermentation could be neutralized 
via photofermentation (Keskin et al.  2011 ). 

 The purpose of the present chapter is to 
highlight photofermentative hydrogen pro-
duction using waste materials for future 
large-scale applications. Here, we would like 
to provide hints on how to choose photo- 
fermentable feedstocks and emphasize their 
key specifi cations. There is no general meth-
odology to be followed for the development 
of photofermentative H 2  production technol-
ogy; however, we would like to share the 
experience we have gained in this area dur-
ing a 3 year COST project (COST Action 
841) “Biological and biochemical diversity 
of hydrogen metabolism” followed by a 
5 year European Union 6 th  Frame Integrated 
Project, HYVOLUTION, “Nonthermal pro-
duction of pure hydrogen from biomass”. 
The aim of the latter project was to prepare a 
blueprint for integrated biological hydrogen 
production processes composed of a dark 
fermentation step followed by photofermen-
tation. The overall objective of our work- 
package was the utilization of the effl uent of 
a thermo-bioreactor, for highly effi cient and 
sustainable hydrogen production in photobi-
oreactors (PBRs) by photosynthetic purple 
non sulfur bacteria (PNSB). Hence, the 
scope of this chapter is limited to a review of 
photofermentation and integrated dark and 
photofermentation processes, based on 
reported results from our work and from 
those of other researchers in this fi eld.  

   II. Guidelines for Effective 
Photofermentative Hydrogen 
Production 

 What makes a waste material a good candi-
date as a resource for large-scale photofer-
mentative hydrogen production? Advances 
reported in the relevant literature are primar-
ily focused on fi nding ways to lower the 
operational costs of hydrogen production 
through the utilization of economical and 
regionally available feedstocks. A sustainable 
hydrogen economy cannot be solely based 
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on wastes, hence, industrial and agricultural 
side products, crops, and biomass that do 
not strain the food supply must be also 
considered. 

 As mentioned previously, the optimal set 
of parameters for photofermentative hydro-
gen production from wastewater or other 
complex feedstock depend strongly on the 
individual application and therefore should 
be analyzed on a case-by-case basis. 
Nevertheless, based on accumulated insight 
gained from prior studies, a generally appli-
cable set of guidelines to consider prior to 
developing such a waste-based photofer-
mentative process can be proposed. The fol-
lowing properties are the most crucial 
parameters that need to be assessed before 
making any further plans about using that 
material as a substrate source. 

   A. Selection of the Microorganism 

 Photosynthetic purple non sulfur bacteria 
(PNSB) e.g. members of the  Rhodobacter  
( Rb. ) species are the most preferred ones for 
photofermentative hydrogen production. 
However, it should be emphasized that the 
hydrogen productivity on different feed-
stocks depends on the strain. Hence, screen-
ing of different PNSB strains for a specifi c 
feedstock is necessary. The absorption spec-
tra of the feedstock and that of the PNSB 
should be compared to check if there is inter-
ference between the absorption spectrum of 
the medium and the bacteria. In PNSB a 
single photosystem, located in the intracel-
lular membrane, is responsible for the 
absorption of the light energy. In practice, 
antenna pigments, namely carotenoids and 
bacteriochlorophylls, absorb the energy of a 
photon. These molecules show specifi c 
absorption spectra related to their character-
istic color. Chlorophyll a, commonly avail-
able in all photosynthetic organisms, absorbs 
light at 375 nm, 590 nm, 800–810 nm and 
830–890 nm, while the main peak is located 
at 850–890 nm (Weaver et al.  1975 ). 
Carotenoids, which are additionally located 
in the intercellular membrane of PNSB, are 
known to absorb light energy in the range of 

400–550 nm (Uyar et al.  2007 ). It should 
also be noted that feedstocks with high 
absorbance values at wavelength ranges of 
400–800 nm might interfere with the H 2  
production (Boran  2011 ). It has been 
reported that the percent penetration of 
light intensity for each 1 cm of depth is 
70 % for thick juice DFE and 51 % for 
molasses DFE, which is signifi cantly lower 
than that for artifi cial medium (89 %) 
(Boran et al.  2012a ). 

 During photofermentation it is observed 
that H 2  production starts above a certain critical 
cell concentration. However, when cell con-
centration exceeds a certain limit, hydrogen 
evolution stops. An optimum cell concentra-
tion of 0.5–0.7 g dcw  per l c  for the employed 
microorganisms has been reported (Gebicki 
et al.  2010 ; Androga et al.  2011a ,  b ). 

 Outdoor production of hydrogen with 
photosynthetic bacteria is also strongly 
affected by fl uctuations in temperature due 
to the day-night cycle and other seasonal, 
geographic and climatic conditions. The 
optimum temperature for hydrogen pro-
duction by PNSB ranges between 30 °C 
and 35 °C depending on the strain used 
(Stevens et al.  1984 ). Although production 
at lower temperatures is possible, the sig-
nifi cantly lower growth rate of the micro-
organisms below 20 °C renders the process 
very ineffi cient. It is also known that the 
PNSB may slow down or even turn off 
their hydrogen production at high tempera-
tures. An actual maximum is not known 
yet, but temperatures higher than 45 °C 
should be avoided. 

 In outdoor applications, the light absorbed 
and the heat generated by bacteria cause the 
bioreactor temperature to rise up to 55 °C 
(18–20 °C higher compared to the air tem-
perature) during the day. Reactor tempera-
tures can be decreased by adapting a suitable 
cooling system or by using a proper shading 
material. Water spraying is an effective 
method for cooling solar glass bioreactors 
but not recommended for acrylic fl at plate 
reactors. The temperature difference on the 
surface may cause cracking. 
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 Thermo-resistant strains of PNSB (e.g. 
 Rhodospirillum centenum ) capable of grow-
ing at higher temperatures (optimum at 
40–45 °C) are also known (Favinger et al. 
 1989 ). These microorganisms might be more 
interesting for regions of higher global radia-
tion intensities if they could be used for bio-
hydrogen production.  

   B. Composition of the Feedstock 
and Its Possible Adjustments 

 Purple non-sulfur bacteria are able to con-
sume a wide variety of organic substrates 
including short-chain organic acids such as 
acetate, butyrate, propionate, and lactate, 
sugars such as glucose and sucrose, and 
mixtures of these. Short-chain organic acids 
are preferred for H 2  production; however, H 2  
production performances of different strains 
vary depending on the type and the concen-
tration of the substrate. The initial organic 
acid concentrations are known to have an 
impact on lag time, biomass growth rate, 
and H 2  production, as will be discussed in 
Sect.  IV . Feedstocks usually have very high 
organic acid concentrations that bring about 
the dilution requirement, which increases 
the water consumption rate. Recirculation of 
treated wastewater may decrease the fresh 
water consumption rate. The concentration 
of the nitrogen source, and especially the 
ammonium ion, NH 4  + , also has a primary 
importance. It strongly infl uences the photo- 
fermentation process, as the nitrogenase 
enzyme is inhibited by the presence of 
ammonium. For this reason, the NH 4  +  con-
tent of the feedstock should be lowered by 
dilution or by pretreatment. It is known that 
the C/N ratio of substrate is one of the most 
important parameters affecting hydrogen 
productivity and yield in photo- fermentation. 
An optimum C/N ratio of 25 was reported 
when acetate and glutamate were used as 
C and N sources, respectively (Androga 
et al.  2011a ). 

 During fermentation with artifi cial media, 
the addition of supplementary nutrients 
(iron, molybdenum, trace elements and 
vitamins) is necessary. Photo-fermentation 

experiments using various types of real 
feedstocks showed that most components 
necessary for growth and hydrogen produc-
tion are readily available in the raw sub-
strates. Yet, it was found that real feedstocks 
usually lack Fe and Mo, and supplementa-
tion of the media with these minerals was 
shown to enhance H 2  production by PNSB. 

 Another parameter affecting the photo- 
fermentation process is the pH. pH adjust-
ment requires either acid or base addition. 
However, due to large reactor areas, effec-
tive pH control is diffi cult. To keep the pH 
level between 6.5 and 8.0, phosphate buffer 
is used at a concentration range of 4–20 mM. 
Buffering improves H 2  productivity, but if 
the buffer contains phosphate, its addition 
highly increases the environmental impact. 
More environmentally benign buffers like 
carbonate may be used to decrease this 
impact. 

 Is sterilization of the feedstock necessary? 
Small-scale experiments are usually carried 
out under sterile conditions. Yet, in large 
scale, sterilization would increase the cost 
substantially. However, contamination may 
halt the process during long-term operations, 
and should be avoided to obtain longer pro-
cesses periods. Hence, a cheap sterilization 
method need to be applied in large scale. 

 Pretreatment may improve yield but 
brings additional cost to the process. 
Pretreatments include fi ltration, discolor-
ation, purifi cation, adsorption and chemical 
treatment. Discoloration signifi cantly affects 
the absorption spectra of the feedstocks, thus 
the medium does not interfere with the 
absorption spectrum of the PNSB. 

 An anaerobic atmosphere is mandatory 
for hydrogen production by photosynthetic 
PNSB. Presence of N 2 , O 2  and CO 2  
adversely affects the hydrogen production 
pathway (Koku et al.  2002 ); hence, these 
gases must be eliminated from the photo-
bioreactor. An argon atmosphere is espe-
cially preferred in laboratory experiments. 
Argon sparging at the start-up decreases 
the lag-time to produce hydrogen. In large-
scale applications, the system is com-
pletely fi lled with culture to eliminate air. 
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Dissolved air could be consumed during 
the growth phase. A continuous diffusion 
of air into the reactor due to diffusion of air 
through reactor material or air leakage at 
the fi ttings will result in the complete ces-
sation of hydrogen production. In many 
PNSB, a visual indication of such drastic 
air leakage is the gradual  transformation of the 
culture medium color into a deep- red hue.   

   III. Utilization of Waste Materials 
for Photofermentative Hydrogen 
Production 

 A large variety of waste materials have been 
evaluated with respect to their hydrogen con-
version via fermentative processes, as listed in 
Table  11.1 . These studies also differ from 
each other in terms of the microorganism 
used. Hydrogen productivities of waste 

materials are mostly given in the literature as 
hydrogen production yield (units of H 2  vol-
ume per volume of waste liquid, l H2  per l ww ), 
and hydrogen production rate (either units of 
H 2  volume per culture volume over time, 
ml H2 l c  −1  h −1 ; or units of H 2  volume per bacterial 
cell dry weight over time, ml H2 g cell  −1  h −1 ). It 
should also be pointed out that the variations 
in the process parameters such as reactor 
geometry, waste material, microorganism, 
light source and illumination period make the 
direct productivity comparison quite diffi cult.

   Fruit and vegetable, diary, and sugar 
wastes can be classifi ed as the main groups 
of organic wastes used for hydrogen produc-
tion. Some of the recent developments for 
each group will be explained in the sub- 
sections below, including an extended one 
for the “olive mill wastewater” as being one 
of the key research topics explored by the 
current chapter authors. 

   Table 11.1.    Summary of photofermentative hydrogen production studies using various waste materials as 
substrate sources.   

 Waste material  Microorganism  Process details 
 H 2  Production 
potential  Reference 

 Brewery 
wastewater 

  Rb. sphaeroides  
O.U.001 

 10 % ww & Biebl and Pfennig 
medium, indoor, batch 

 0.22 l H2  l −1  ww   Seifert et al. 
( 2010b ) 

 Tofu wastewater   Rb.sphaeroides  RV  100 % ww, immobilized cultures in 
agar gel, indoor, batch 

 1.9 l H2  l −1  ww   Zhu et al. 
( 1999 ) 

 Milk industry 
wastewater 

  Rb.sphaeroides  
O.U.001 

 30 % ww & malate, indoor, batch  2.0 l H2  l −1  ww   Türkarslan 
et al. ( 1998 ) 

 Sugar refi nery 
wastewater 

  Rb.sphaeroides  
O.U.001 

 20 % ww & L-malic acid and sodium 
glutamate, indoor, batch 

 20 % ww & L-malic acid and sodium 
glutamate, indoor, fed-batch 

 4.63 l H2  l −1  ww  

 8.61 l H2  l −1  ww  

 Yetis et al. 
( 2000 ) 

 Olive mill 
wastewater 

  Rb.sphaeroides  
O.U.001 

 4 % ww, outdoor, batch 
 4 % ww, indoor, batch 
 2 % ww, indoor, batch 

 Pretreatment with dark fermentation, 
4 % OMW 
dark effl uent, indoor, batch 

 Pretreatment with clay, 4 % of 
pretreated OMW, indoor, batch 

 11.4 l H2  l −1  ww  
 10.1 l H2  l −1  ww  
 13.9 l H2  l −1  ww  

 29 l H2  l −1  ww  

 31.5 l H2  l −1  ww  

 Eroglu et al. 
 (2008)  

 Eroglu et al. 
( 2004 ) 

 Eroglu et al. 
( 2006 ) 

 Eroglu et al. 
( 2008a ) 

 Dairy waste   Rb.sphaeroides  
O.U.001 

 5 % ww & Biebl and Pfennig medium, 
indoor, batch 

 16.9 l H 2  l −1  ww   Seifert et al. 
( 2010a ) 

 Yogurt waste   Rhodospirillum 
rubrum  S-1 

 100 % ww, indoor, fed-batch  45 l H2  l −1  ww   Zürrer and 
Bachofen 
( 1979 ) 

 Whey waste  47 l H2  l −1  ww  
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   A. Olive Mill Wastewater (OMW) 

 Olives are one of the important agricultural 
crops across the Mediterranean area. During 
the extraction of olive oil, signifi cant quanti-
ties of water are used especially for the con-
tinuous washing of the olive paste with warm 
water before the separation of oil from its 
olive paste (Kiritsakis  1991 ; Visioli et al. 
 1999 ). The olive oil manufacturing process 
generates a dark-colored, oily wastewater 
phase, the so called olive mill wastewater 
(OMW), which contains olive fruit juice, 
residual pulp, and process water in a moder-
ately stable emulsion of oil (Tsagaraki et al. 
 2006 ; Eroglu et al.  2008a ). OMW is gener-
ated in large amounts throughout the world, 
with over 30 million m 3  per year from 
Mediterranean countries alone (Ergüder 
et al.  2000 ). Discarding this waste effl uent to 
the environment requires critical precautions 
as it can create signifi cant problems due to 
its high phenolic content (Eroglu et al.  2006 , 
 2008a ,  2009a ). 

 Olive mill wastewater is a dark colored 
effl uent with high organic content, with 
chemical oxygen demand (COD) values usu-
ally in between 50 and 200 g per l (Eroglu 
et al.  2009b ; Yesilada et al.  1999 ). It is mostly 
composed of water (83–94 %), organic mat-
ter (4–16 %) and mineral salts (0.4–2.5 %) 
(Ramos-Cormenzana et al.  1996 ). The main 
organic constituents can be listed as oils, 
polysaccharides, proteins, organic acids, 
polyalcohols, and polyphenols (Cabrera 
et al.  1996 ). The characteristic dark color of 
OMW is mainly related to these phenolic 
constituents and lignin derivatives (Gonzalez 
et al.  1990 ). OMW also contains signifi cant 
amounts of K, Ca, Na, Mg and Fe elements 
(Eroglu et al.  2004 ,  2009b ). 

 Dilutions were optimized to obtain higher 
yields (Eroglu et al.  2004 ,  2009b ). Various 
pretreatment stages enhanced hydrogen pro-
ductivity (Eroglu et al.  2006 ,  2008a ,  2009a ). 
Different illumination regimes applied 
under indoor (Eroglu et al.  2010 ) or outdoor 
conditions (Eroglu et al.  2008b ) also infl u-
enced the productivity. Iron and molyb-
denum are the other key components to 

supplement OMW for improving the yield 
(Eroglu et al.  2011 ). 

 Olive mill wastewater has been utilized as 
the sole substrate source for photofermenta-
tive hydrogen production (Eroglu et al.  2004 ) 
using the PNSB  Rb. sphaeroides  O.U.001, 
with glass column- photobioreactors (400 ml) 
under artifi cial illumination. Due to the dark 
color of the raw material, dilutions were 
needed for effi cient hydrogen production. 
Dilutions of 1, 1.5, 2, 2.5, 3, 4, 5, 10, 20 % 
(v/v) in H 2 O, were investigated. Although 
bacterial growth could be achieved at all of 
these concentrations, hydrogen production 
could only be observed for dilutions at or 
below 4 %. The highest bacterial mass (0.553 
g dcw l c  −1 ) and hydrogen productivity were 
achieved with 4 % diluted OMW. On the 
other hand, the maximum hydrogen yield 
(13.9 l H2  per l OMW ) was obtained with 2 % 
diluted OMW. In addition to the hydrogen 
production, signifi cant reduction of the ini-
tial biochemical oxygen demand (58 %), 
chemical oxygen demand (35 %), and total 
phenolic content (60 %) were observed when 
2 % diluted OMW was used (Eroglu et al. 
 2004 ). The physicochemical characteristics 
of the OMW, collected from different regions 
of Western Anatolia, were slightly variable. 
Four of these were compared on the basis of 
their photofermentative hydrogen production 
effi ciencies. It was observed that the hydrogen 
productivity was directly related with the 
organic acid content and the carbon-to- nitrogen 
(C/N) molar ratio (Eroglu et al.  2009b ). The 
highest hydrogen yield (19.9 l H2  per l OMW ) 
was obtained with the OMW having the 
highest C/N molar ratio (73.8 MM −1 ), and 
the highest organic acid content, particularly 
acetic acid. 

 Figure  11.1  illustrates hydrogen produc-
tion in a fl at plate solar bioreactor (8 l) oper-
ating under outdoor conditions, utilizing 4 % 
diluted OMW in batch mode. Diurnal peri-
ods were 14 h light and 10 h dark. Bacterial 
growth stopped during the periods of dark-
ness. Hydrogen yield was 11.4 l H2  per l OMW  
(Eroglu et al.  2008b ).

   Various two-stage hydrogen production 
processes with OMW have been reported 
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(Eroglu et al.  2006 ,  2008a ). In Eroglu et al. 
( 2006 ), the fi rst stage was based on the 
 dark- fermentation of raw OMW by the 
mixed- cultures of activated sludge, which is 
followed by photofermentation via  Rb. 
sphaeroides  O.U.001. This approach con-
verted the raw OMW to an effl uent with 
favorable physicochemical properties for the 
photofermentation stage. The 50 % (v/v) 
diluted DFE achieved the highest photofer-
mentative hydrogen production rate (8 
mll −1  h −1 ), while the 4 % (v/v) diluted DFE 
achieved the highest hydrogen production 
potential (29 l H2  per l OMW ). This two-stage 
process was mainly investigated for its 
potential to utilize raw OMW for photofer-
mentative hydrogen production even at very 
high concentrations. 

 We proposed another two-stage process 
for enhancing the physicochemical proper-
ties of the raw OMW, which was based on a 
clay pretreatment step followed by photofer-
mentation (Eroglu et al.  2006 ,  2008a ). Clay 
pretreatment was investigated in detail to 
gain further insight into its overall effect on 
photofermentative hydrogen production 
(Eroglu et al.  2008a ). The fundamental 
organic compounds of the clay pretreatment 
effl uent were found as acetic, lactic, propi-
onic, and butyric acids, which were favored 
during the photofermentative hydrogen pro-
duction by  Rb. sphaeroides  O.U. 001. 
Hydrogen production with the effl uent of the 
clay pretreatment process nearly doubled 
(31.5 l H2  per l OMW ), in comparison with the 

raw olive mill wastewater (16 l H2  per l OMW ) 
under the same experimental conditions. 
Clay pretreatment was mostly effective on 
the removal of unwanted compounds such as 
phenols, while the removal of desired sub-
strates including organics acids, amino acids 
and sugars was minimal. The decrease in the 
phenolic content was also effective for color 
removal, which enhances the photosynthetic 
effi ciency of the system by increasing the 
transmittance of light within the photobiore-
actor. Pretreatment methods applied to 
OMW include (i) oxidation with ozone, (ii) 
oxidation with Fenton’s reagent, (iii) photo- 
degradation via UV radiation, (iv) adsorp-
tion with clay, and (v) adsorption with zeolite 
(Eroglu et al.  2009a ). Among these pretreat-
ment processes, adsorption with clay was 
found to be the most applicable one for the 
photofermentation process. The effl uents of 
the pretreatment stage by strong chemical 
oxidants were found to be unsuitable for 
either hydrogen production or bacterial 
growth, despite having the highest color 
removal (90 %).  

   B. Sugar Manufacturing Wastes 

 Sugar manufacture constitutes an important, 
widespread industry throughout the world. 
During the manufacturing of sugar, various 
wastes such as molasses, bagasse, and 
wastewater are produced. These wastes are 
known to have a high BOD content, which 
could be suitable for the growth of the pho-
tosynthetic microorganisms (Hampannavar 
and Shivayogimath  2010 ). 

 Singh et al. ( 1994 ) produced hydrogen via 
the utilization of potato starch, sugarcane 
juice and cheese whey by free and Ca-alginate 
immobilized cells of  Rhodopseudomonas  sp .  
Each feedstock was diluted with the Biebl 
and Pfennig medium (Biebl and Pfennig 
 1981 ). Among these three substrates, the 
maximum amount of hydrogen production 
was obtained with sugarcane juice, followed 
by potato starch and whey. 

 Almost no hydrogen gas was produced on 
sucrose by  Rb. sphaeroides  O.U.001, while 
very low hydrogen production rate 
(1 ml H2 l c  −1  h −1 at 20 % (v/v) dilution) was 

  Fig. 11.1.    Flat-plate solar bioreactor fi lled with 4 % 
(v/v) OMW (Olive Mill Wastewaters) (Middle East 
Technical University, Ankara).       
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obtained on diluted sugar refi nery wastewa-
ter (SRW). Enrichment of the SRW with 
L-malic acid and sodium glutamate gave a 
higher hydrogen production rate and yield 
values as 5 ml H2 l c  −1  h −1 and 4.63 l H2  per l SRW , 
respectively (Yetis et al.  2000 ). Extra nutri-
ents were added to achieve a signifi cantly 
higher carbon to nitrogen ratio (C/N: 70/2 
MM −1 ). Continuous hydrogen production 
was achieved for 100 days with 20 % SRW 
supplemented with malate and glutamate 
mixture operating at fed-batch mode. The 
maximum hydrogen production yield of 
8.61 l H2  per l SRW  was observed at a dilution 
rate of 0.0013 h −1 .  

   C. Dairy Product Wastes 

 Dairy product wastes, including milk or 
cheese residues and whey, are known to usu-
ally have high amounts of organic material 
content with a COD value varying between 5 
and 50 g/l (Seifert et al.  2010a ). 

 Zürrer and Bachofen ( 1979 ) used lactic 
acid containing whey and yogurt wastes as  
carbon sources for  Rhodospirillum rubrum  
S-1. They reported very high hydrogen pro-
duction yields of 47 and 45 l H2  per l ww  with 
whey and yogurt wastes, respectively. 
Sasikala and Ramana ( 1991    ) used the waste-
water of a lactic acid fermentation plant for 
the production of hydrogen by  Rb. sphaeroi-
des  O.U.001. Hydrogen production was 
observed for different dilutions of wastewa-
ter, ranging from 5 % to 100 %. The maxi-
mum hydrogen production rate was obtained 
as 5 ml H2 h −1  l −1  while the hydrogen produc-
tion yield was found to be 4.5 l H2  per l ww . 

 Türkarslan et al. ( 1998 ) also investigated 
the hydrogen production potential of the 
dairy plant wastewater by  Rb. sphaeroides  
O.U. 001. Milk factory waste was not suffi -
cient for growth and hydrogen production by 
the photosynthetic bacteria. The dairy plant 
wastewater 30 % (v/v) with added malate 
produced hydrogen at a rate and yield of 
5.5 ml H2 l −1  h −1  and 2.0 l H2  per l ww , respec-
tively. Seifert et al. ( 2010a ) reported the 
highest hydrogen production rate for 40 % 
(v/v) dairy wastewater after mixing with the 
Biebl and Pfennig medium. No hydrogen 

was produced from more concentrated dairy 
water due to the inhibitory effect of the high 
ammonium content. The highest hydrogen 
production yield (16.9 lH 2  per l ww ) was 
achieved by 5 % (v/v) sterile dairy wastewa-
ter mixed with the Biebl and Pfennig medium 
(Biebl and Pfenning  1981 ).  

   D. Other Types of Waste Materials 

 Zhu et al. ( 1999 ) achieved high hydrogen 
production yields using immobilized cells of 
 Rb. sphaeroides  RV for hydrogen production 
from the wastewater of a tofu factory. They 
reported that 100 % (v/v) wastewater had 
hydrogen production rate and yield values of 
59.0 ml H2 l c  −1  h −1  and 1.9 l H2  per l ww , respec-
tively. Several factors, such as the use of a 
cellular immobilization technique, the utili-
zation of a  Rb. sphaeroides  RV strain capable 
of using signifi cant amounts of glucose, and 
the feeding of the tofu wastewater only after 
the cells had begun to evolve hydrogen from 
a pre-culture of lactate medium, were given 
as the possible reasons for a higher hydrogen 
production rate. Mitsui and his colleagues 
isolated marine photosynthetic bacteria for 
photofermentative hydrogen production 
from orange processing wastes under out-
door conditions (Mitsui et al.  1983 ). These 
wastes were diluted with seawater until a 
total organic carbon (TOC) value of 430 ppm 
was obtained. They used 4 l outdoor reactors 
while marine photosynthetic bacteria were 
immobilized in agar plates. In addition to 
hydrogen production, they also observed a 
90 % decrease in the initial BOD and 37 % 
decrease in TOC content of the wastewater. 

 Vatsala and Ramasamy ( 1987 ) investi-
gated photofermentative H 2  production from 
distillery waste by  Rhodospirillum rubrum  
11170 under both indoor and outdoor condi-
tions. For the indoor conditions, 100 % (v/v) 
distiller waste resulted in a hydrogen produc-
tion at a rate of 3 ml H2 l c  −1  h −1 , while this rate 
was 0.8 ml H2 l c  −1  h −1  when 5 % distillery waste 
was used under outdoor conditions. 

 Brewery wastewater is also reported to be 
rich in organic content including organic 
acids, sugars, amino acids and etc., which 
would be favored during photofermentative 
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hydrogen production. Seifert et al. ( 2010b ) 
investigated the photofermentative hydrogen 
production potential of brewery wastewaters 
by using  Rb. sphaeroides . They found the 
optimal dilution rate as 10 % (v/v), after 
mixing with the Biebl and Pfennig medium 
(Biebl and Pfenning  1981 ), which is mainly 
based on the high nitrogen content of the 
brewery wastewater. Diluted (10 %) brewery 
wastewater resulted in a hydrogen production 
yield of 0.22 l H2  per l ww  (2.24 l H2  per l media ) 
(Seifert et al.  2010b ).   

    IV. Photofermentative Hydrogen 
Production with Dark Fermenter 
Effluents 

 One of the advantages of using photofer-
mentative hydrogen producing bacteria is 
that they can utilize organic acids produced 

by dark fermentative bacteria. Biohydrogen 
production by combination of dark and pho-
tofermentation has been considered as a 
promising route to increase the hydrogen 
yield, due to the potential of complete sub-
strate oxidation. Dark fermentative biohy-
drogen production liberates reduced organic 
compounds like acetate, butyrate, lactate and 
propionate, which can be readily fermented 
by photofermentative bacteria to produce 
more hydrogen. This can be realized in a 
single- step (co-culture of dark and photo- 
fermentative bacteria) or in two steps (dark 
fermentation followed by photofermenta-
tion) (Fig.  11.2 ). Single-step processes 
require optimization of process conditions 
(i.e., pH, temperature, light intensity and 
biomass concentration) for both types of 
microorganisms grown in the same reactor at 
the same time. Selection of suitable microor-
ganisms that can coexist is important.

  Fig. 11.2.    Sequential operation of dark and photo-fermentative hydrogen production from biomass.       
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   In two-step processes, suitable microor-
ganisms for different feedstocks can be 
selected independently for each step. 
Moreover, process conditions can be 
adjusted separately for higher effi ciency. For 
example, effl uents of dark fermentation can 
be supplemented with necessary nutrients 
or, they can be pre-treated to remove toxic or 
inhibitory compounds. It was reported that 
the supplementation of DFEs with appropri-
ate amounts of iron and molybdenum, the 
co-factors of nitrogenase, increases the pho-
tofermentative hydrogen production signifi -
cantly (Özgür et al.  2010a ,  b ; Afşar et al. 
 2011 ; Afşar  2012 ). Ammonium, an additive 
for dark fermentation process, strongly 
inhibits the nitrogenase enzyme of PNSB, 
leading to cessation of photofermentative 
hydrogen production at concentrations higher 
than 2 mM (Yakunin and Hallenbeck  1998 ; 
Akköse et al.  2009 ). For successful process 
integration, the ammonium content of DFEs 
should be lowered. This can be achieved by: 
(i) lowering the amount of ammonium added 
during dark fermentation, (ii) diluting the 
DFEs with water, (iii) using/developing bac-
terial strains with ammonium tolerance or, 
(iv) pretreating the DFEs so that ammonium 
is removed. Androga et al. ( 2012 ) suggested 
a pretreatment method for high ammonium 
containing DFEs using clinoptilolite, a natu-
ral zeolite, to reduce the ammonium concen-
tration. Pretreatment resulted in an 80 % 
decrease of the ammonium concentration of 
molasses DFE. After using the clinoptilo-
lite-pretreated effl uent,  Rb. capsulatus  pro-
duced hydrogen at a high yield (90 %) and 
productivity (1.16 mmol l c  −1  h −1 ), while no 
hydrogen production was observed with the 
untreated one. If DFEs are too dark, as is the 
case for molasses DFE, such pretreatment 
techniques can also be useful for color 
reduction to increase light penetration 
through the PBR. Another important param-
eter for high effi ciency photofermentative 
hydrogen production using DFEs is the con-
centration of the carbon (C) source. DFEs 
mainly contain acetate, lactate and butyrate, 

which are utilized by PNSB during photo-
fermentation. The concentration of the carbon 
source is important for optimum metabolic 
processes that result in high hydrogen yields. 
Acetate at 30–40 mM (Özgür et al.  2010c ), 
butyrate at 20 mM (Shi and Yu  2006 ) and 
lactate at 10–20 mM (Lo et al.  2011 ) were 
reported to be optimum for photobiological 
hydrogen production with different PNSB 
species. Dark fermenter effl uents usually 
contain signifi cant concentrations of acetate, 
which may decrease hydrogen production 
effi ciency due to the diversion of the cell 
resources towards the synthesis of PHB. The 
effects of acetate concentration on hydrogen 
and PHB production in  Rb. capsulatus  were 
studied at 10–65 mM acetate and gene 
expression analysis of related genes ( NifD  
for nitrogenase and  PhaC  for PHB synthase) 
were carried out (Özsoy  2012 ). Optimum 
acetate concentration for photofermentation 
with high hydrogen yield and low PHB 
amount was around 25–50 mM, where  NifD  
expression was high.  PhaC  expression was 
highest at 65 mM meaning that high concen-
trations of acetate (above 50 mM) lead to 
direction of PNSB metabolism to PHB bio-
synthesis, decreasing the hydrogen yield. 
Adjustment of the carbon source concentra-
tion can be achieved through dilution with 
water. Buffering of the DFEs is also neces-
sary to adjust and keep the pH at a tolerable 
range (6.0–8.0) for photofermentation. It 
was reported that 20 mM of potassium phos-
phate (pH 6.4) was required as a buffer sup-
plement for molasses, thick juice, barley 
straw and potato steam peels DFEs (Özgür 
et al.  2010a ,  b ; Afşar et al.  2011 ). 

 In the remainder of this section, photobio-
logical hydrogen production studies on 
DFEs of a variety of agro-industrial wastes/
wastewaters are reviewed and compared. 
Some of the applications are summarized in 
Table  11.2 . Feedstocks used in sequential 
dark-photo fermentation processes are clas-
sifi ed as lignocellulosic, starchy or sugar 
containing, based on their primary carbohy-
drate constituent.
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     A. DFEs Obtained from 
Lignocellulosic Feedstocks 

 Selection of cheap, renewable and nonfood 
resources is necessary for sustainable biohy-
drogen production. Lignocellulosic biomass, 
which constitutes a major portion of agricul-
tural and forest wastes, and of industrial 
effl uents from the pulp and paper industry, is 
of prime interest due to its abundance and 
nonfood nature. The main challenge in using 
lignocellulosic feedstock is that it is com-
posed mainly of cellulose, hemicellulose, and 
lignin, which cannot be degraded by most of 
the fermentative bacteria utilized for biohy-
drogen production. Hence, pre- hydrolysis of 
such biomasses through physical, chemical 
or biological processes is necessary to pro-
duce monomeric carbohydrates from cellu-
lose and hemicellulose (Ren et al.  2009 ). 

   1. Barley Straw DFE 

 Barley straw is a lignocellulosic agricultural 
residue of barley production. It has a dry 
matter content of 91.1 %: 38.9 % being glu-
can, 23.7 % xylan, 3.5 % other hemicellu-
loses and 22.8 % lignin (Foglia et al.  2011 ). 
The annual barley straw production was esti-
mated to be 114 million tons in Europe, 
which corresponds to 511 TWh, assuming a 
lower heating value of 16.3 MJ per kg dry 
matter (Ljunggren et al.  2011 ). Worldwide 
annual yields of lignocellulosic biomass res-
idues were estimated to exceed 220 billion 
tons, equivalent to 60–80 billion tons of 
crude oil (Ren et al.  2009 ). It has been con-
sidered as a feedstock for biofuel production 
through biochemical processes in several 
studies (Qureshi et al.  2010 ; Sigurbjornsdottir 
and Orlygsson  2012 ). 

 Biohydrogen production from barley 
straw DFE was carried out (Özgür and Peksel 
 2013 ). Barley straw hydrolysate, obtained 
after chemical and biological pretreatment, 
was fermented with a hydrogen-producing 
thermophilic dark fermentative bacterium, 
 Caldicellulosiruptor saccharolyticus , and 
the effl uent was used for photofermentative 
hydrogen production, in indoor batch cultures 

of  Rb. capsulatus  DSM1710 and  Rb. 
capsulatus  YO3 (uptake hydrogenase deleted 
strain of  Rb. capsulatus  MT1131). The effl u-
ent was diluted to have an initial acetate con-
centration of 30–35 mM and supplemented 
with potassium phosphate buffer. Good 
bacterial growth and hydrogen production 
with yields and productivities as high as 
50 % and 0.58 mmol l c  −1  h −1 , respectively, 
were obtained with the Hup − strain. Addition 
of iron and molybdenum resulted in 30–50 % 
increase in productivity.  

   2. Miscanthus DFE 

  Miscanthus  is a lignocellulosic energy crop 
mostly grown in USA and Europe as bio-
mass feedstock for biofuel production, espe-
cially bioethanol. It is a perennial C 4  grass 
that grows rapidly with dry weight yields of 
around 8–15 t ha −1 , and requires only low 
inputs of nutrients for cultivation.  Miscanthus  
hydrolysate, obtained after alkaline and 
enzymatic pretreatment, was used for biohy-
drogen production through sequential dark 
and photofermentation (Uyar et al.  2009 ; de 
Vrije et al.  2009 ). Dark fermentation, carried 
out using the thermophilic bacterium 
 Thermotoga neopolitana  on  Miscanthu s 
hydrolysate containing 10 g per l monomeric 
sugars in batch cultures, yielded 3.3 mol H 2  
per mole hexose with a productivity of 
13 mmol H 2 l c  −1  h −1 . The effl uent of dark fer-
mentation, which mainly contained acetate 
(94 mM) together with some lactate 
(8.9 mM), was fed to PBRs operated at batch 
mode using  Rb. capsulatus  DSM155. Before 
being fed to the PBR, the effl uent was 
 centrifuged, diluted with water (1:1) to 
decrease the acetate concentration, supple-
mented with buffer to control pH, and steril-
ized. Effl uents supplemented with iron and 
vitamins resulted in a hydrogen productivity 
of 19 ml H2 l c  −1  h −1 .   

   B. DFEs Obtained from Sugar 
Processing Industry Intermediates 

 Intermediates from sugar beet processing 
industries, like molasses and thick juice, are 
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very good sources for biohydrogen produc-
tion due to their high content of fermentable 
sugars that can be readily utilized by micro-
organisms without any pretreatment. 
Molasses is the fi nal effl uent obtained in the 
manufacturing of sucrose by repeated evapo-
ration, crystallization and centrifugation of 
juices from sugar cane and sugar beets. It 
contains more than 46 % total sugars (mostly 
sucrose), as well as nitrogenous compounds 
like amino acids and inorganic compounds, 
all of which make it an excellent substrate 
for fermentation. It is mainly used as animal 
feed, and as raw material for alcohol, yeast, 
and citric acid production. Thick juice is 
another by-product of sugar industry 
obtained after evaporation of sugar beet 
juice. It also has a high sugar content that can 
be utilized by microorganisms without any 
pretreatment. Unlike molasses, which can be 
stored for long times at room temperature 
without contamination, thick juice is con-
taminated easily, hence, it can only be used 
for biohydrogen production during sugar 
factory processing periods of the year. 

   1. Thick Juice DFE 

 Biohydrogen production on thick juice 
through dark and photofermentation has 
been addressed within the context of the FP6 
HYVOLUTION Project (Claassen and de 
Vrije  2006 ). The thermophilic dark fermen-
tative bacterium,  C. saccharolyticus,  was uti-
lized in a continuously operated 30 l CSTR 
dark fermenter, with an initial sucrose con-
centration of 10 g per l. The effl uent of dark 
fermentation, containing acetate as the main 
product, was fed to photofermenters after 
necessary adjustments were made, including 
dilution to reduce acetate concentration to 
around 30 mM and ammonium concentra-
tion below 2 mM, and additions of buffer 
and iron. In batch operations using  Rb. cap-
sulatus  DSM1710 and  Rb. capsulatus hup-  
(YO3) strains, a 40 % molar yield with 
productivities of 0.4 mmol l c  −1  h −1  and 
0.6 mmol l c  −1  h −1  was achieved with DSM1710 
and YO3 strains, respectively. Promising 
results with continuously operated indoor 4 l 

panel PBRs were also reported on thick juice 
DFEs with a feeding rate of 10 % (vv −1 ) 
daily. During 25 days of continuous opera-
tion with the YO3 strain, stable biomass con-
centration of around 1 g dcw  per l c  was obtained 
with average hydrogen productivity and 
molar yield of 0.9 mmol l c  −1  h −1  and 50 %, 
respectively (Özgür et al.  2010d ). Continuous 
photofermentative hydrogen production 
under natural sunlight on thick juice DFEs 
was also reported (Özkan et al.  2012 ; Boran 
et al.  2012a ). The DFEs were diluted and 
supplemented with buffer, Fe and Mo before 
feeding to the PBRs. It was reported that  Rb. 
capsulatus  YO3 strain grows and produces 
hydrogen successfully on thick juice DFE in 
outdoor conditions, unless the temperature 
of the reactor is kept above 35 °C. 
Temperature control was necessary as the 
reactor temperature exceeds 50 °C during 
summer, in Ankara, Turkey. To control the 
reactor temperature, chilled water was recir-
culated through the internal cooling coils. 
During 15 days of continuous operation 
inside panel PBRs with a daily feeding rate 
of 10 %, stable biomass concentration of 
around 1 g dcw  per l c  was achieved with a 
daily average hydrogen productivity of 
1.12 mmol l c  −1  h −1  and molar yield of 77 % 
(Fig.  11.3 ).

   Thick juice DFEs obtained with co- 
cultures of thermophilic dark fermentative 
bacteria,  C. saccharolyticus  and  C. owensen-
sis,  were also utilized for continuous photo-
fermentative hydrogen production by  Rb. 
capsulatus  DSM1710 using a pilot scale 
(90 l) solar tubular PBR with internal cooling 
coils. After a long lag phase (7 days), which 
was attributed to adaptation of bacteria to 
outdoor conditions, rapid bacterial growth 
with a growth rate of 0.025 h −1  was observed. 
Hydrogen production started after 9 days 
with daily average productivity and molar 
yield of 0.27 mmol l c  −1  h −1  and 10 %, respec-
tively, which are signifi cantly lower com-
pared to those obtained with panel PBRs. 
This was attributed to the tube diameter 
(6 cm), which is larger than the panel PBR 
thickness (2 cm), substantially lowering the 
light penetration through the deeper sites of 
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the reactor (Boran et al.  2012b ). It was also 
noted that the hydrogen permeability of the 
wall material used for the tubular reactor (low 
density polyethylene, LDPE) was around ten 
times higher than that of Plexiglass® used in 
panel PBR, with the added effect of wall 
thickness (150 μm for tubular PBR, 6 mm for 
panel PBR). Hence, both low light penetra-
tion and hydrogen leakage problems in tubu-
lar PBR resulted in lower hydrogen 
productivities. To increase the hydrogen pro-
duction, lower tube diameters and continuous 
circulation to decrease the residence time of 
hydrogen within the reactor, were suggested, 
taking into consideration the energy require-
ments for circulation and land area needed. A 
direct correlation with the hydrogen yield 
factor (moles of hydrogen per gram cell dry 
weight) and daily-received light energy was 
reported, suggesting that hydrogen produc-
tion effi ciency is directly related to the light 
exposure of cells.  

   2. Molasses DFE 

 Due to its high fermentable sugar and nutri-
tional content, molasses is one of the most 
promising substrates for sustainable fermen-
tative biohydrogen production. There are a 
number of studies carried out on biohydro-
gen production from molasses through dark 

fermentation (Ren et al.  2006 ,  2009 ; Aceves- 
Lara et al.  2008 ; Guo et al.  2008 ; Wang and 
Jin  2009 ). 

 Özgür et al. ( 2010a ) reported sequential 
operation of dark and photofermentation for 
biological hydrogen production from sugar 
beet molasses. An extreme thermophile 
 C. saccharolyticus  was used for the dark fer-
mentation, and several photosynthetic bacte-
ria ( Rb. capsulatus  DSM1710,  Rb. capsulatus 
hup-  mutant (YO3), and  Rp. palustris ) were 
used for the photofermentation.  C. saccharo-
lyticus  was grown in a pH-controlled biore-
actor, in batch mode, on molasses with an 
initial sucrose concentration of 15 g per l. 
The effects of addition of ammonium on 
dark and photofermentative processes were 
also determined.  C. saccharolyticus  fermen-
tation yielded acetate and lactate as the main 
organic acids, with a hydrogen yield of 
4.2 mol per mole sucrose in the absence of 
ammonium addition. Molasses DFE obtained 
without ammonium addition, which yielded 
highest hydrogen production in dark fermen-
tation, was utilized for photobiological 
hydrogen production, under continuous illu-
mination, in batch mode. Adjustments, 
including dilution, addition of buffer, iron 
and molybdenum, were carried out on DFE 
to improve the photofermentative hydrogen 
production. The highest hydrogen yield 
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(58 % of theoretical hydrogen yield over 
consumed organic acids) and productivity 
(1.37 mmoll c  −1  h −1 ) was attained using a Hup- 
mutant of  Rb. capsulatus . The overall yield 
increased from 4.2 mol H 2  per mole sucrose 
in dark fermentation to 13.7 mol H 2  per 
mole sucrose by sequential dark and photo-
fermentation (corresponding to 57 % of 
the theoretical yield of 24 mol of H 2  per 
mole sucrose). 

 Long term continuous hydrogen production 
under outdoor conditions from sugar beet 
molasses DFE in solar panel PBR using 
 Rb. capsulatus  DSM1710 and  Rb. capsulatus 
hup-  (YO3) was also reported (Avcioglu et al. 
 2011 ). The DFE obtained by a continuous 
dark fermentation process using thermophilic 
dark fermentative bacteria,  C. saccharolyticus , 
contained mainly acetate as a carbon source, 
together with some lactate and formate. This 
DFE was fed to a PBR equipped with cooling 
coils to control the temperature below 35 °C 
using chilled water. The PBRs were success-
fully operated with a daily feeding rate of 
10 %, for 55 days using  Rb. capsulatus  
DSM1710, and 75 days for  Rb. capsulatus 
hup-.  An average biomass concentration of 
0.9 g dcw  per l c  was achieved over the continu-
ous operation ,  in outdoor conditions during 
summer 2009, in Ankara, Turkey (Fig.  11.3 ). 
The maximum hydrogen yield obtained using 
 Rb. capsulatus hup-  was 78 % (of the theoreti-
cal maximum) and the maximum hydrogen 
productivity was 0.67 mmol l c  −1  h −1 . The maxi-
mum hydrogen productivity and yield of the 
wild type strain on the molasses DFE were 
0.50 mmol l c  −1  h −1  and 50 %, respectively.   

   C. DFEs Obtained from 
Starch- Based Biomass 

 Starch-based biomass, like vegetable raw 
materials including potato and cereals and 
food wastes from the industry and house-
hold, contain high levels of carbohydrate and 
protein. Biohydrogen production studies from 
starch containing biomasses were reported 
to have promising hydrogen yields. Like 
lignocellulosic biomass, starchy biomass 
also needs pretreatment in order to hydrolyze 

starch to fermentable sugars, which is gener-
ally carried out through thermal and enzy-
matic pretreatment processes. However, 
some thermophilic dark fermentative bacte-
ria can digest starch, eliminating the need for 
a pretreatment (Mars et al.  2010 ). 

   1. Potato Steam Peels (PSP) 
Hydrolysate DFE 

 Potato steam peel (PSP) waste is a co- product 
from the potato processing industry that is 
rich in starch, and available in large quanti-
ties. It is currently used as animal feed, but 
studies have shown that it is also a good 
source for fermentative hydrogen production 
(Claassen et al.  2005 ). A life cycle assess-
ment (LCA) analysis made to evaluate the 
main environmental benefi ts and burdens of 
using PSP to produce hydrogen in a two-step 
fermentation process showed that it is more 
benefi cial to use PSP for hydrogen produc-
tion, and the protein-rich residue of this pro-
cess for animal feed (Djomo and Humbert 
 2008 ). Results obtained from a dark fermen-
tation process revealed that either PSP 
hydrolysate or untreated PSP are very suit-
able substrates for effi cient fermentative 
hydrogen production at moderate substrate 
loadings (ca. 10 g per l of glucose), using 
thermophilic dark fermentative bacteria, 
 C. saccharolyticus  (Mars et al.  2010 ). 

 PSP hydrolysate, obtained after enzymatic 
liquefaction and saccharifi cation steps, 
where starch is converted into glucose, was 
utilized for sequential dark and photofer-
mentation (Afşar et al.  2011 ). Diluted 
 hydrolysate (10 g C 6  sugar per l) supple-
mented with yeast extract was fed to bioreac-
tor with thermophilic dark fermentative 
bacteria,  C. saccharolyticus . The DFE of 
PSP containing acetate (102 mM), lactate 
(28 mM) and NH 4 Cl (4.0 mM) was sterilized 
and diluted by three times with sterile dH 2 O. 
The effl uent was also supplemented with 
20 mM potassium phosphate buffer (pH 6.4), 
iron (Fe-citrate, 0.1 mM) and molybdenum 
(NaMO 4 .2H 2 O, 0.16 mM) before being fed to 
PBRs. Photobiological hydrogen production 
has been carried out in indoor, batch cultures 
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of different PNSB strains (namely,  Rb. cap-
sulatus  DSM1710,  Rb. capsulatus hup-  
(YO3),  Rb. sphaeroides  O.U.001 (DSM5864), 
 Rb. sphaeroides hup-  (uptake hydrogenase 
deleted mutant of O.U.001) and  Rp. palustris ) 
under continuous illumination .  Although the 
process was highly effi cient in terms of acetate 
consumption (100 %), lower hydrogen yields 
(<25 %) and productivities (<0.55 mmol 
l c  −1  h −1 ) were reported compared to the results 
obtained on molasses, thick juice or barley 
straw effl uents. 

 Yokoi et al. ( 2002 ) used sequential hydro-
gen production from a media consisting of 
sweet potato starch residue as carbon source 
and corn steep liquor as a nitrogen source. 
The initial stage was composed of dark- 
fermentation of repeated batch cultures of 
 Clostridium butyricum  and  Enterobacter 
aerogenes;  this was followed by photofer-
mentation using  Rhodobacter  sp. M-19. 
The overall hydrogen yield was observed to 
be the highest (4.5 mol H 2  per mol glucose) 
when the DFE was supplemented with 
molybdenum and ethylene-diamine-tetra- 
acetic acid (EDTA). 

 Laurinavichene and her colleagues ( 2008 ) 
also applied a sequential two-step process to 
produce hydrogen from potato starch. Dark 
fermentation was performed using natural 
microbial consortia. Thereafter, the volatile 
fatty acid rich dark-fermentation effl uent 
was used for photofermentative hydrogen 
production by  Rb. capsulatus  B-10. They 
observed that butyrate could not be con-
sumed until the complete consumption of 
acetate, propionate, and lactate, after provid-
ing equimolar mixture of volatile fatty acids.  

   2. Cassava Starch DFE 

 Cassava is a starch containing root crop 
grown as a staple food and animal feed in 
subtropical and tropical regions of Africa, 
Latin America and Asia, with a total culti-
vated area over 18 million hectare. A high 
starch content (up to 90 %) together with its 
low agro-chemical requirements, high drought 
and heat tolerance make it an attractive plant 
for biofuel production (Jansson et al.  2009 ). 

Biohydrogen production from cassava starch 
through combination of dark and photofer-
mentation has been reported (Su et al.  2009 ; 
Zong et al.  2009 ). Dark fermentation of raw 
cassava starch, after its gelatinization and 
enzymatic hydrolysis, was carried out at dif-
ferent initial starch concentrations (10–25 g 
per l) using hydrogen producing bacteria 
from preheated activated sludge (Su et al. 
 2009 ). Effl uents of dark fermentation, which 
mainly consisted of acetate and butyrate, 
were used for photofermentative hydrogen 
production in batch cultures of  Rp. palustris,  
after being diluted to optimal concentrations. 
The maximum hydrogen yield was reported 
to increase from 9.3 to 10.7 mmol H 2  per g 
starch only in the dark fermentation to 17.5–
18.0 mmol H 2  per g starch in the combined 
dark and photo fermentation, which corre-
sponds to 63.1–93.7 % improvement.  

   3. Ground Wheat Starch DFE 

 Waste ground wheat starch constitutes a 
reliable and renewable resource for biohy-
drogen production due to its high starch and 
gluten content (Kargi and Pamukoglu  2009 ; 
Argun et al.  2009 ). Ground wheat starch is 
reported to be rich in carbohydrates but defi -
cient in nitrogen and phosphorous. Hence, 
supplementation with N and P maximizes 
the hydrogen yield by dark fermentation 
(Kargi and Pamukoglu  2009 ). The DFE of 
ground wheat starch containing 1950 ± 50 mg 
per l total volatile fatty acid (VFA), obtained 
by heat treated anaerobic sludge as the bac-
terial culture, were utilized for photofer-
mentative hydrogen production by  Rb. 
sphaeroides  (NRRL-B1727) (Ozmihci and 
Kargi  2010 ). Continuous photofermentative 
hydrogen production at varying hydraulic 
retention times (HRT) (24–120 h) was car-
ried out on the DFEs supplemented with 
several nutrients, such as MgSO 4 , EDTA, 
(NH 4 ) 2 SO 4  and KH 2 PO 4  buffer to adjust the 
pH to 7.0 and C/N/P ratio to 100/1/0.3. The 
highest steady- state daily hydrogen produc-
tion (55 ml per day) and hydrogen yield 
(185 ml H 2  per g VFA) were obtained at 72 h 
HRT (3 days).   
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   D. DFEs from Other Feedstocks 

 Cheese whey is a lactose-rich (about 5 %) 
byproduct of the cheese manufacturing 
industry and its removal represents a signifi -
cant problem in the dairy industry. Utilization 
of cheese whey wastewater to produce biohy-
drogen through mesophilic and thermophilic 
dark fermentation processes using mixed 
microbial communities has been reported 
(Azbar et al.  2009a ,  b ,  c ). Biohydrogen pro-
duction through sequential operation of ther-
mophilic dark fermentation and photo 
fermentation using cheese whey wastewater 
has been investigated (Azbar and Cetinkaya-
Dokgöz  2010 ). After centrifugation and dilu-
tion at different degrees, the effl uent 
containing mainly acetate, isobutyrate, and 
lactate was used for photofermentation by 
 Rp. palustris . The highest hydrogen produc-
tion (349 ml H 2  per g COD) was obtained 
with the fi ve-times diluted effl uent. Overall 
hydrogen production performance of two-
stage system was found to vary between 2 
and 10 mol H 2  per mole of lactose consumed. 
It was concluded that the dilution of anaero-
bic effl uent helps to reduce the nitrogen and 
the volatile fatty acid content in the feeding, 
which can otherwise be inhibitory. It was also 
reported that addition of malate signifi cantly 
improves the hydrogen production, hence, 
mixing of cheese whey effl uent with malate 
containing material such as apple juice pro-
cessing effl uent, might be useful. 

 Rai et al. ( 2012 ) investigated sequential two-
stage biohydrogen production on cheese whey 
using  Enterobacter aerogenes  in dark fermen-
tation step, and  Rhodopseudomonas  BHU 01 
in photofermentation steps. They showed that 
the cumulative H 2  yield (dark and photo-fer-
mentation) obtained by cultures immobilized 
by alginate entrapment was better (5.88 mol H 2  
per mole lactose) compared to the suspension 
cultures (3.40 mol H 2  per mole lactose). 

 Fruit and vegetable wastes (FVW) are pro-
duced in large amounts mainly from the 
domestic households, restaurants and market 
places. Due to their high biodegradability, 
they can cause several irritations in municipal 
landfi lls, which bring a need for their recycling 

(Bouallagui et al.  2005 ). FVW is mainly 
composed of easily biodegradable constituents 
such as sugars and hemicellulose (75 %) 
(Verrier et al.  1987 ). On the other hand, some 
vegetable processing effl uents contain non-
biodegradable organic constituents that 
should be minimized via pretreatment pro-
cesses before being used for any bioprocesses 
(Bouallagui et al.  2005 ). Fascetti et al. ( 1998 ) 
used organic-acid rich (mostly lactic-acid and 
acetic-acid) DFE of fruit and vegetable 
wastes for photofermentative hydrogen pro-
duction by  Rb. sphaeroides  RV. They achieved 
signifi cant hydrogen production rates of 
around 100 ml H2  g −1 .h −1  after the continuous 
processing of a 1 liter chemostat. 

 Abd-Alla et al. ( 2011 ) studied biohydro-
gen production from rotten date palm fruits 
in a three-stage process including dark fer-
mentation by the facultative anaerobe  E. coli  
EGY, followed by the strict anaerobe 
 Clostridium acetobutylicum  ATCC 824 and 
lastly by the PNSB  Rb. capsulatus  DSM1710, 
within the same reactor. They reported maxi-
mum hydrogen yield of 7.8 mol H 2  per mole 
of sucrose corresponding to 162 l H 2  per kg 
fresh rotten dates.   

   V. Optimization of Hydrogen Yield 

   A. Genetic Modifi cations 

 Genetic engineering is a promising tool to 
increase the yield and productivity of photo-
fermentative hydrogen production (Vignais 
et al.  2006 ). Considering the H 2  metabolism 
of PNSB, genetic modifi cations can be done 
to (i) inhibit H 2  utilization by deletion of 
uptake hydrogenase, (ii) eliminate the light- 
dependency of hydrogen evolution by recom-
binant expression of hydrogen-evolving 
hydrogenases, (iii) optimize the fl ow of 
reducing equivalents to nitrogenase by the 
inhibition of PHB and CO 2  fi xation, (iii) 
eliminate/decrease the effect of environmen-
tal factors (e.g. NH 4  + , temperature) by pro-
ducing resistant mutants, (iv) reduce the size 
of antenna pigments to increase light utiliza-
tion effi ciency. 
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   1. Deletion of Uptake Hydrogenase 

 The physiological function of uptake hydrog-
enase in most PNSB is to catalyze the conver-
sion of molecular hydrogen to electrons and 
protons, which decreases the yield of H 2  pro-
duction. The uptake hydrogenase helps to 
maintain a redox balance. It was shown that 
the inactivation of uptake hydrogenase results 
in signifi cant increase in total hydrogen pro-
duction in these bacteria.  Rb. sphaeroides  
O.U.001 is a purple non-sulfur bacterium 
producing hydrogen under photoheterotro-
phic conditions. Hydrogen is produced by 
Mo-nitrogenase enzyme and a substantial 
amount of H 2  is re-oxidized by a membrane-
bound uptake hydrogenase. To improve the 
hydrogen producing capacity of the cells, a 
suicide vector containing a gentamicin cas-
sette in the  hupSL  genes was introduced into 
 Rb. sphaeroiodes  O.U.001 and the uptake 
hydrogenase genes were destroyed by site 
directed mutagenesis. The wild type and the 
mutant cells showed similar growth patterns 
but the total volume of hydrogen gas evolved 
by the mutant was higher than that of the wild 
type strain (Kars et al.  2008 ). A similar 
approach was adopted by Öztürk et al. ( 2006 ) 
to develop an uptake hydrogenase lacking 
strain of  Rb. capsulatus  MT1131. The mutant 
strain produced around 30 % more hydrogen 
than the wild type MT 1131. The  hup-  strain 
was also tested in large-scale photobioreactor 
outdoor conditions on acetate as carbon 
source and enhancement in H 2  production 
rates and yields were observed (Androga 
et al.  2011a ,  b ). The  Rb. capsulatus hup-   

strain was also used for hydrogen production 
from real DFEs in a panel photobioreactor in 
outdoor conditions (Avcioglu et al.  2011 ). 
Similar studies involving the genetic manipu-
lations of PNSB were reviewed by Kars and 
Gündüz ( 2010 ).  

   2. Expression of Hydrogen-Evolving 
Hydrogenases 

 Light is essential for effi cient photobiologi-
cal hydrogen production by PNSB but it is 
discouraging to know the fact that continuous 

H 2  production in the outdoor using sunlight 
is impossible or rather ineffi cient during 
night. Therefore, one promising approach is 
to relieve the dependency of PNSB from 
light for hydrogen production by recombi-
nant expression of hydrogen-evolving 
hydrogenases in these bacteria. Thus, con-
tinuous hydrogen production under light and 
dark conditions would be possible and cer-
tainly improve the effi ciency of biological 
hydrogen production process. In a study by 
Kim et al. ( 2008 ), constitutive hydrogen evo-
lution under both photoheterotrophic and 
dark fermentative conditions by recombinant 
 Rb. sphaeroides  was reported. They devel-
oped a recombinant  Rb. sphaeroides  KCTC 
12085 strain that harbor, with all the acces-
sory genes necessary, formate hydrogen 
lyase and Fe-only hydrogenase from  Rs. 
rubrum , to enable dark fermentative hydro-
gen production from  Rb. sphaeroides . The 
strain produced hydrogen during dark fer-
mentative growth, and photofermentative 
hydrogen production increased by twofolds.  

   3. Redirecting the Electron Flow 
to Nitrogenase 

 The charge or redox status of the cells is very 
important for biohydrogen production, since 
nitrogenase needs electrons and ATPs in 
order to reduce protons to hydrogen. To opti-
mize the fl ow of reducing equivalents to 
nitrogenase, genetic modifi cations were car-
ried out targeting the CO 2  fi xation and PHB 
synthesis pathways, which compete for 
reducing equivalents. The Calvin-Benson- 
Bassham (CBB) pathway is not only the 
heart of photoautotrophic metabolism but 
also important in maintenance of redox 
homeostasis via CO 2  assimilation. Öztürk 
et al. ( 2012 ) investigated the relationship 
between the redox balancing system and 
hydrogen production in various  Rb. capsula-
tus  strains whose CBB pathway was inacti-
vated by deleting one of the key enzyme 
phosphoribulokinase (PRK). The results 
indicated that in the absence of the func-
tional CBB pathway, the excess reducing 
equivalents were dissipated mainly through 
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the nitrogenase in the form of hydrogen under 
nitrogen limiting conditions. The rate of 
hydrogen production was enhanced slightly 
for  Rb. capsulatus  Hup-, PRK- and  Rb. cap-
sulatus  Hup-, PRK-, cbb3- mutants. 

 Spontaneous variants of  Rb. capsulatus  
strains defi cient in the CBB pathway have 
been shown to express nitrogenase structural 
genes to dissipate excess reducing equiva-
lents, even in the presence of high concentra-
tions of ammonium that is suffi cient to 
repress nitrogenase expression in wild type 
(Tichi and Tabita  2000 ). In  Rb. sphaeroides  
KD131, inactivation of PHB synthase 
resulted in a two-fold increase in hydrogen 
production on acetate and butyrate, in spite of 
depressed cellular growth and lower substrate 
utilization (Kim et al.  2011 ). It was shown 
that overexpression of  rnf  operon, which is 
thought to be dedicated to electron transport 
to nitrogenase, in  Rb. capsulatus  enhanced  in 
vivo  nitrogenase activity (Jeong and 
Jouanneau  2000 ). In another study done by 
Öztürk et al. ( 2006 ), a loss of function in the 
electron carriers in the membrane of  Rb. cap-
sulatus  resulted in signifi cant decrease in H 2  
production. These results suggest that the 
electron fl ow to nitrogenase is critical in the 
H 2  production process and needs to be manip-
ulated for the enhanced H 2  production.  

   4. Improving the Ammonium 
Ion Tolerance 

 Ammonium is one of the substances regulat-
ing nitrogenase activity. Removal of ammo-
nium inhibition on nitrogenase activity is 
important especially for integrated dark and 
photofermentation studies, in which the dark 
fermenter effl uent is usually rich in ammo-
nium. To develop mutants with ammonium 
insensitive-nitrogenase activity, Pekgöz et al. 
( 2011 ) deleted genes expressing two regula-
tory proteins of ammonium-dependent nitro-
genase regulation, GlnB and GlnK in  Rb. 
capsulatus  DSM1710. However,  glnB  
mutants showed lower hydrogen production, 
while  glnK  mutants were unviable. This 
observation suggests that the GlnB/GlnK two 
component regulatory system most probably 

has roles in other metabolic pathways as well. 
An ammonia tolerant mutant strain of  Rp. 
palustris  has been developed through 
a mutation in  nifA  gene (NH 4  + -dependent 
a transcriptional regulator of nitrogenase 
expression). The mutant strain constitutively 
expressed nitrogenase even in the presence 
of nitrogen (McKinley and Harwood  2010 ). 
Hydrogen production by NifA mutant 
 Rp. palustris  on undiluted vegetable waste 
derived medium has shown signifi cant 
improvements in productivity, start-up time 
and substrate conversion effi ciency at NH 4  +  
concentrations as high as 6.1 mM (Adessi 
et al.  2012 ).  

   5. Proteomics and Microarray Analysis 
of Rb. capsulatus 

 For further improvement of biological hydro-
gen production, the understanding of whole 
genome expression profi le of  Rb. capsulatus  
under different stress conditions is required. 
Although the genome database is available, 
there is not enough information about the 
proteomics and transcriptomics of  Rb. capsu-
latus . The fi rst proteomic study, reported by 
Daldal’s group (Önder et al.  2010 ) revealed 
more than 450 proteins including the local-
ization information. The data obtained by the 
proteome study of  Rb. capsulatus  SB1003 
under different growth conditions, namely, 
those leading to aerobic respiratory, anaero-
bic photofermentative and anaerobic respira-
tory modes, contributed to the extent of the 
protein database and highlighted the proteins 
associated with these growth modes (Peksel 
 2012 ). A total 460 proteins were identifi ed 
with 17 proteins being unique to particular 
growth conditions. 

 Understanding the whole genome expres-
sion profi le under different stress conditions, 
such as temperature, UV, and high light 
intensity, is important for outdoor PBR appli-
cations. A custom designed Affymetrix Gene 
Chip for  Rb. capsulatus  DSM1710 (GEO 
Accession number: GPL18063) was con-
structed. The effects of temperature stress on 
transcriptome of  Rb. capsulatus  were investi-
gated by comparing expression profi les under 
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optimum hydrogen production condition 
(30 °C), heat (42 °C) and cold (4 °C) stress 
conditions (GSE53477) (Gürgan  2011 ). The 
infl uence of different nitrogen sources on 
transcriptome of  Rb. capsulatus  was investi-
gated by comparing expression profi le on 
5 mM ammonium chloride and 2 mM gluta-
mate. Carbon source was 40 mM acetate 
on both conditions. To study the effect of 
different acetate concentrations, 40 mM and 
80 mM acetate were used with 2 mM gluta-
mate as nitrogen source (GSE53303). 

 The data obtained from physiological, 
biochemical, proteomics and microarray 
studies has to be combined to further under-
stand the metabolism of the microorganism 
and the genetic manipulation of the bacterial 
strains.   

   B. Photobioreactor Design 

 Photobioreactors (PBRs) are reactors that 
accommodate microbial culture systems to 
carry out light dependent biological reac-
tions (Tredici  2004 ). In these reactors, light 
has to pass through the transparent reactor 
walls to reach the cells. A fundamental 
parameter for the evaluation of the photofer-
mentation process is its photochemical effi -
ciency (PE). This is defi ned as the conversion 
effi ciency of the energy of the incident light 
to chemically bound energy in the hydrogen 
produced. In contrast to the performance of 
a fermenter, which is usually reported as a 
volumetric productivity, the performance of 
a PBR is usually given as an area related 
productivity – as hydrogen productivity per 
illuminated area or per land area occupied 
by the bioreactor. When designing an indus-
trial process, however, not only the input 
energy of the incident light, but also the 
input energy for operation of the installation 
should be taken into consideration when 
evaluating the effi ciency of the process in 
terms of energy conversion. When evaluat-
ing the economic effi ciency of the process, 
costs of construction material, construction 
and maintenance as well as resources neces-
sary for operation should also be taken into 
consideration. The ideal PBR requires low 

investment costs and low operational costs, 
but still should have a high productivity and 
be easily scalable. In practice it is not easy 
to provide a large surface- to-volume ratio 
for suffi cient supply with solar light and 
enable at the same time a good mass and 
heat transfer. 

 In terms of reactor geometry, two main 
categories of PBRs can be distinguished as:

   1.    Tubular reactors   
  2.    Flat panel reactors     

   1. Tubular Reactors 

 For hydrogen producing bacteria, residence 
time in the tubular part should be optimized 
since organic acids are already dissolved in 
the medium, but the gases produced (H 2  and 
CO 2 ) need to be removed. Therefore, a mani-
fold confi guration of the photo-bioreactor is 
preferred (Fig.  11.4 ).

   Gas collection in a photo-bioreactor with 
a manifold confi guration could be accom-
plished by tilting of the surface. Attachment 
of small gas bubbles to the wall of the tubes 
might be solved by large gas bubbles moving 
in the upward direction, as was done by 
Tredici and co-workers in the Near Horizontal 
Tubular Reactor (NHTR) (Chini Zittelli et al. 
 1999 ). In the NHTR designed by Tredici, gas 
is injected to create an airlift. In the case of 
hydrogen production, gas bubbles are only 
required to collect the small bubbles of 
hydrogen (and CO 2 ) produced in the medium. 
The energy input for pumping liquid should 
be limited to enable a positive energy bal-
ance of the photofermentation process 
(Fig.  11.4 ). 

 The tubular PBR fi nally constructed and 
used for continuous outdoor experiments by 
our group (Boran et al.  2012a ,  b ) had a vol-
ume of 85 l (Fig.  11.5 ). It is currently 
equipped with new manifolds with a tube 
length of 3 m. For up-scaling the reactor size, 
the tube length can be easily increased. 
However, it should be pointed out that the 
maximum allowable pressure for the tubes 
depends on the used tubing material and its 
wall thickness.
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  Fig. 11.4.    Principle scheme of a manifold based tubular photo-bioreactor for the production of biohydrogen.       

  Fig. 11.5.    Tubular photo-bioreactor (85 L) operated at METU, Ankara (Reproduced with permission from Boran 
et al.  2012a ).       
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      2. Flat Panel Reactor 

 In fl at panel reactors it is observed that the 
bacteria only settle in the dark. As soon as 
hydrogen is produced, the bacterial cells are 
‘self-suspended’ due to the upward move-
ment of the H 2 -bubblets onto which the cells 
tend to attach. To design a PBR as compact as 
possible, the design must aim to achieve a 
maximal ratio of illuminated surface area to 
land space covered by the reactors. The illu-
minated surface per ground space is higher in 
vertical reactors than in horizontal systems. 

 The performance of a photobioreactor is 
strongly dependent on the light availability 
for each single cell of the dense micro-
organism suspension within the panels. 
Self- shading due to light absorption by the 
pigments causes an exponential decay in light 
intensity with culture depth. If a fi xed density 
of the culture is assumed, the spatial light dis-
tribution in the suspension can be regulated 
by means of the depth of the panels. 

 Since the bacteria are able to use diffuse 
light as well, the intensity of the incident 
light can be controlled by the orientation of 
the photo-bioreactor. If the illuminated sur-

faces of the panels are facing the east–west 
direction the heat input during noontime is 
reduced and the utilization of the sunlight is 
improved because purple bacteria mainly use 
long wave radiation, which dominate the 
morning and evening sky. Direct radiation of 
comparably low intensity enters the reactor 
in the mornings and evenings. At noontime, 
when the sun emits light with a high content 
of UV rays, which might damage the culture, 
mainly diffuse light impinges on the reactor 
surfaces. The optimal spacing between the 
panels depends on light distribution and tem-
perature. One panel of the photobioreactor 
consists of a frame covered by a transparent 
plate on both sides. The height of the panels 
is limited to 1 m in order to reduce the defl ec-
tion of the transparent plates and to guaran-
tee the gas tightness of the enclosed volume. 
For this reactor PMMA plates of 2 mm in 
thickness were used since they are able to 
withstand the hydrostatic pressure at the bot-
tom with a fairly low defl ection. 

 The fl at panel reactor used in the study 
(Gebicki et al.  2010 ) consists of four par-
allel panels, which are arranged vertically 
as shown in Fig.  11.6 . Each panel has an 

  Fig. 11.6.    Modular arrangement of fl at panel reactor (112 L) operated at RWTH, Aachen (Reproduced with 
permission from Gebicki et al.  2010 ).       
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illuminated area of 2 m 2  and the plate thick-
ness varies between 20 and 30 mm. This 
results in a total reactor volume of 112 l 
(4 × 28 l).

        VI. Efficiency Analysis 

 Cost effi ciency of any biofuel production from 
biomass depends primarily on the feedstock 
cost. According to a biomass cost index (BCI) 
analysis for biohydrogen production by 
sequential dark and photofermentation using a 
variety of feedstock, where production, logis-
tics and pretreatment costs were compared, the 
biomass cost for sugar and starch containing 
feedstocks are lower than lignocellulosic feed-
stocks, due primarily to higher pretreatment 
costs associated with lignocellulosic biomass 
(Diamantopoulou et al.  2011 ). In selecting the 
biomass for biofuel production, one should 
also consider the local feedstock availability to 
decrease the logistics cost. 

 An exergy analysis to determine the effi -
ciency of the integrated dark and photofer-
mentation has been carried out for different 
feedstocks based on the HYVOLUTION 
process described by Claassen and de Vrije 
( 2006 ). It was shown that exergy effi ciency 
is infl uenced by the used feedstock, applied 
process parameters, and process and heat 
integration (Modaressi et al.  2010 ). It was 
demonstrated by Foglia and colleagues 
(Foglia et al.  2010 ,  2011 ) that with proper 
heat integration of pretreatment, thermo-
philic dark fermentation, and photofermen-
tation steps, and recirculation of process 
effl uents, biohydrogen production from 
 variety of feedstocks, including PSP, barley 
straw, and thick juice, through the 
HYVOLUTION process is technically fea-
sible. However, techno-economical analysis 
of two-stage biohydrogen production pro-
cess using barley straw as feedstock revealed 
that with the current technologies it is 
around 20 times more expensive compared 
to the bioethanol production process, due 
mainly to the low productivity, low energy 
effi ciency, and high cost of buffer and base 
required to control the pH (Ljunggren et al. 

 2011 ). Improvements in bioreactor design 
and process conditions to decrease the 
chemical and water requirements are essen-
tial for the transition of two-stage biohydro-
gen production process from lab-scale to 
industrial scales.  

   VII. Future Prospects 

 The aim of photofermentation is the optimal 
conversion of organic acids present in waste-
water or fermentation effl uents to hydrogen 
and carbon dioxide, in a prolonged stable 
operation. A yield above 75 % is targeted 
with a high productivity. A long-term stable 
operation is limited by environmental fac-
tors, as photobiological hydrogen production 
has to be carried out in outdoor conditions 
relying on natural sunlight for an energy- 
effi cient process. The application of the pro-
cess in technical scale demands:

•    Stable microorganisms working under non 
sterile conditions with a high yield of captur-
ing sunlight and with broad range of opera-
tional temperatures  

•   Productive feedstocks with higher yields  
•   Strain improvement to enhance the effi ciency 

of the process under high/low light intensity 
and temperature variations  

•   Reactors with a high illuminated surface per 
ground space, cheap and mechanically stable 
construction material  

•   Plant design for the photofermentation, which 
guarantees well-defi ned operational condi-
tions in all parts of the plant through devel-
opment of a process control system. Design 
should include process control for pH, sub-
strate concentration, temperature and liquid 
input/output control in each module.    

 The following items have to be investigated 
in the future to transfer the process to technical 
application:

   (a)     Improvement of hydrogen productivity of the 
micro-organism(s) :   The specifi c production 
rate of the microorganism has to be further 
increased to decrease the demand on reactor 
area. Their adaptability to fl uctuating envi-
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ronmental conditions, like light intensity and 
temperature, has to be improved to increase 
the stability of the process. It is now clear that 
changes in metabolism alone, e.g. nitrogen-
fi xing conditions to induce nitrogenase biosyn-
thesis, is not enough to force the phototrophs 
towards approaching the theoretical limits of 
hydrogen production. It is necessary to cre-
ate mutants for high, stable and long- lasting 
hydrogen productivity. The PNSB could be 
genetically improved to produce hydrogen 
during night time as well by dark fermentation, 
which would increase the daily productivity.   

   (b)     Designed co-cultures :   Use of designed co- 
cultures should also be studied in photofer-
mentation. By this approach, the effect of 
environmental conditions on photo- biohydrogen 
production can be partially avoided by using 
selected strains with different properties such as 
thermo-tolerant versus mesophilic strains, or 
strains adapted to high/low light intensity.   

   (c)     Nutrient requirements :   There are certain 
nutrients such as Mo and Fe, which are nec-
essary to activate the nitrogenase of PNSB 
and there are certain compounds like ammo-
nium that are inhibitors of nitrogenase activ-
ity. However, more attention should be paid 
to fi nd out the possible other inhibitors of 
hydrogen production metabolism of PNSB, 
especially those that may potentially be pres-
ent in feedstocks of different biomass sources. 
These may include alcohols (like ethanol), 
polyphenols and aldehydes.   

   (d)     Use of immobilized microorganisms : 
  Entrapment of the photosynthetic bacteria 
into a solid support improves the productivity 
as a higher cell density can be used compared 
to the suspension cultures (Elkahlout  2011 ). 
This also increases the hydrogen yield, as 
there is only limited bacterial growth in 
immobilized systems. A large- scale outdoor 
operation requires a special reactor design, 
which should be investigated in future studies. 
The immobilized systems will also require a 
novel feeding protocol.   

   (e)     Modeling :   Development of predictive models 
for photofermentation for design and process 
control purposes that should include new 

bioreactors, microorganisms, and changing 
environmental conditions is needed.   

   (f)     Optimization of reactor design :   The geome-
try of the PBRs should meet the require-
ments for locations with different process 
conditions: low temperature combined 
with low sunlight intensity (Central/
Eastern Europe) versus high temperature 
combined with high sunlight intensity 
(Southern Europe). Outdoor tests have to 
be performed at larger scale (some 10 m 2  
reactors) to demonstrate their functional 
performance in the long run. Additionally, 
an improvement of the concept for the panel 
reactor is necessary to reduce the demand on 
construction material, to improve internal 
mixing and to allow for cooling. New con-
struction materials have to be applied to 
minimize the Net Energy Ratio (NER). NER 
gives a monetary independent analysis for 
the viability of an energy conversion pro-
cess. It is the relationship between the 
energy output and the energy content of all 
the materials of which the plant is con-
structed plus the energy needed for all oper-
ations, calculated for the lifetime of the 
system.   

   (g)     Optimization of the design of the plant :   Due 
to the inherent low productivity of the PNSB, 
a large illuminated area is necessary to pro-
duce an acceptable amount of hydrogen. 
Larger volumes of tubular and panel reactors 
may be obtained by repeating the original 
unit reactor operated in parallel. The concept 
for the arrangement of the reactors, the pip-
ing, and distribution of input and recircula-
tion fl ow has to be demonstrated at large 
scale and has to be optimized as well. The 
optimal mixing of the reactor volume has to 
be ensured in the large- scale plant. This is 
simplifi ed by dividing the whole reactor vol-
ume into smaller compartments, which are 
fed and mixed separately. The size of the 
compartments has to be defi ned. Smaller 
compartments are also favorable if a contam-
ination emerges.   

   (h)     Concept for handling contamination :   Contami-
nation may result in a breakdown of the 
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hydrogen production. Since competing 
microorganisms will not stay in one module 
but spread out in the whole system a solution 
to handle contamination must be developed. 
The separation of the reactor into smaller 
units with independent feed inlets and effl u-
ent outlets might be a solution.   

   (i)     Heat economizing :   Operation of PBRs in 
outdoors is an energy requiring process due 
to the need of temperature control and recir-
culation. Exploitation of other renewable 
energy sources (sunlight, wind, geothermal 
energy, etc.) to supply energy to the PBR for 
recirculation or temperature control can be 
explored and implemented in the design of a 
biohydrogen plant. Heat economizing is 
necessary for the plant with the integration 
of cooling and heating streams in a heat 
exchange network.   

   (j)     Development of process control system : 
  Development of a complex process control 
system is inevitable. The variables that affect 
the PBR performance are pH, temperature, 
C/N ratio, and ammonium and acetate concen-
tration in the effl uent. In the lab-scale opera-
tion of the photobioreactor, the analysis of the 
feed and effl uent may be carried out by means 
of an on-line HPLC. However, for a prototype 
PBR, practical devices and methods have to be 
developed to detect the control variables.   

   (k)     Stability in long-term operation :   Stability in 
long term operation has to be investigated at 
the molecular level. Metabolic understanding 
of the photo-sensing mechanism of bacteria 
may be helpful in the design of large-scale 
PBRs and process conditions. There are 
evidences that especially in complex media 
like real DFEs, photosynthetic PNSB con-
duct both dark and light fermentation in a 
competitive manner. If the light intensity, 
biomass concentration and temperature are 
not within the favorable intervals, bacteria 
switch off the photofermentative hydrogen 
production and proceed with dark fermenta-
tion alone. The understanding of hydrogen 
production switch-on/off mechanism may be 
benefi cial for the development of long- term 
stable operations.         
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Summary

Light-dependent hydrogen production by purple non sulfur bacteria (PNSB) has been  studied 
for several decades. However the exact route that energy takes from the moment a photon is 
absorbed to the formation of a molecule of hydrogen is quite complex. The aim of this 
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 chapter is to review the researches carried out on the metabolic processes related to hydrogen 
production in PNSB, in particular stressing the issues related with the efficiency in the con-
version of the energy deriving from the light in the energy-rich H2 molecule produced. The 
metabolic processes that bring form the light capturing to hydrogen production are described, 
with the relative bottlenecks and hurdles.

The information currently available on the light distribution in various kind of photobio-
reactors are also reviewed, mainly focusing on the photosynthetic efficiency and on the effi-
ciency in substrate conversion to H2 obtained in laboratory and outdoor experiments.

From these data, it comes out how many different cellular processes can interact and 
affect photosynthetic efficiency and how complex is the route that brings from light energy 
to hydrogen energy.

I. Introduction

In 1949, Howard Gest and Martin Kamen 
first observed light dependent hydrogen 
 production by the purple non sulfur bacte-
rium (PNSB) Rhodospirillum rubrum (Gest 
and Kamen 1949). The dependence of H2 
production on nitrogenase activity was also 
observed, opening the way for research in 
this field. Since 1949, the metabolic routes 
that bring to the production of a molecule of 
hydrogen gas by PNSB have been thoroughly 
investigated and elucidated.

The process will be analyzed step by step in 
this chapter, stressing the complexity of the 
different metabolic pathways that interact with 
and influence the production of hydrogen.

II. The H2 Production Process  
in Purple Bacteria

PNSB produce hydrogen via nitrogenase 
(see also Bothe et al., Chap. 6 of this  volume). 
Although the major role of nitrogenase is to 
fix molecular nitrogen to ammonia, giving 
molecular hydrogen as a by-product 
(Eq. 12.1), the enzyme can also work in 

absence of molecular nitrogen and give 
hydrogen as the sole product (Eq. 12.2).

N H e H
Pi

2 3 28 8 16 2
16 16

+ + + → +
+ +

+ − ATP NH
ADP  (12.1)

8 8 16 4 16 162H e H Pi
+ −+ + → + +ATP ADP

(12.2)

Nitrogenase is a two-protein complex con-
sisting of a dinitrogenase containing Fe and 
Mo as cofactors and having a molecular 
weight of 250 kDa, and of a dinitrogenase 
reductase (containing Fe) of about 70 kDa. 
Mo-nitrogenase is the most common and the 
most efficient nitrogenase for converting N2 to 
NH3 (12.1), but other two isozymes have been 
described (Eady 1996) that contain Fe or V as 
cofactors and Rhodopseudomonas palustris is 
the only purple bacterium that encodes all 
three of them (Larimer et al. 2004). Those 
alternative nitrogenases are less efficient in 
reducing N2 and more efficient in producing 
H2 in nitrogen fixing conditions; however, 
they are produced only in case of lack of Mo 
and presence of Fe or V (Oda et al. 2005).

PNSB synthesize large amounts of nitroge-
nase (up to 2 % of cellular protein), not only 
because of its crucial role in cellular metabo-
lism, but also because the enzyme is known as 
a slow catalyst (its turnover time per electron 
is ~5 s−1), so a larger amount of enzyme pro-
vides a larger amount of nitrogen fixed. 
Although the mechanism by which nitroge-
nase reduces its substrates has been deeply 
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studied during the last decades -the first com-
prehensive scheme was proposed by 
Thorneley and Lowe in 1985- it proves to be 
very complex so that it still has not been com-
pletely clarified (Seefeldt et al. 2009).

H2 production via nitrogenase has a spe-
cific activity one order of magnitude lower 
than Ni–Fe hydrogenase typical of oxygenic 
photosynthetic organisms (e.g. 1.3 mmol mg 
protein−1 min−1 for Mo-nitrogenase). Even 
so, in vivo H2 production rates by nitrogenase- 
utilizing PNSB are comparable with those by 
hydrogenase-utilizing oxygenic phototrophs 
(Harwood 2008).

The H2 produced during N2-fixation by 
nitrogenase can be reused by uptake- 
hydrogenases (Vignais and Billoud 2007). 
High uptake-hydrogenase activities have been 
observed in cells possessing an active nitroge-
nase; the hydrogen produced by the nitroge-
nase stimulated the activity of hydrogenase in 
growing cells even though the synthesis of 
hydrogenase is not closely linked to the syn-
thesis of nitrogenase (Colbeau et al. 1980).

Uptake-hydrogenases usually need to be 
genetically deleted to accumulate larger 
amounts of H2. However, a few H2-producing 
hydrogenases in PNSB have been described. 
Rs. rubrum and Rp. palustris BisB18 have a 
Ni–Fe hydrogenase that couples H2 produc-
tion to CO or formate oxidation (Fox et al. 
1996; Oda et al. 2008).

A. Electron Transport to Nitrogenase

Ferredoxins are small proteins that function 
as electron carriers and take part in various 
metabolic processes, such as photosynthesis, 
nitrogen fixation, steroid hydroxylation, and 
degradation of aromatic compounds (Bruschi 
and Guerlesquin 1988). Rhodobacter capsu-
latus has been shown to synthesize six 
 soluble ferredoxins which can be divided 
into two groups according to the number of 
[2Fe- 2S] clusters present: FdI, FdII, and 
FdIII constitute the group of dicluster ferre-
doxins; FdIV, FdV, and FdVI contain a single 
[2Fe-2S] cluster. The genes encoding FdI, 
FdIII, FdIV, and FdV were localized within 
three nif- regulated operons (Moreno-Vivian 

et al. 1989; Schatt et al. 1989; Grabau et al. 
1991; Willison et al. 1993), indicating that 
these ferredoxins participate in nitrogen fixa-
tion. FdI has been shown to serve as the 
physiological electron donor to nitrogenase 
(Jouanneau et al. 1995; Naud et al. 1996).

Göbel (1978) calculated that 1.5 photons 
are needed to synthesize 1 ATP molecule at 
860 nm. Moreover, Miyake (1998) calcu-
lated that at 860 nm 11 photons are required 
for the production of a single molecule of H2. 
Considering reaction (12.2), 4 ATP  molecules 
are consumed for every H2 molecule pro-
duced (i.e. 6 photons at 860 nm, according to 
Göbel 1978); the remaining 5 photons are 
most probably needed for the ferredoxin 
mediated (ATP consuming) electron transfer 
to nitrogenase.

B. The Role of ATP in Nitrogenase Activity

As it has been above described, nitrogenase 
catalyses a very expensive reaction in terms 
of ATP consumption to synthesize hydrogen 
(12.2), being the latter an endothermic reac-
tion requiring external energy to overcome 
the positive free energy barrier (G0 = 75 kJ). 
The balance is of 4 ATP molecules and 2 
electrons consumed per molecule of H2 
produced. Besides these 4 ATP molecules, 
an additional number of ATP molecules is 
needed, through an energy requiring pro-
cess, for reducing the ferredoxins that act 
as electron donors to nitrogenase (see 
Sect. II.A).

In detail, it has been schematically 
reported that 2 molecules of ATP are needed 
for every electron transfer from the Fe-protein 
nitrogenase subunit to the Mo-Fe protein 
subunit (in Mo-nitrogenase). However, 
experimental results demonstrated that the 
actual ratio of ATP hydrolyzed per couple of 
protons reduced is ~4.5 (Eady 1996).

Furthermore, it looks like the energy 
gained from the hydrolysis of those ATP mol-
ecules is used not only to overcome the ther-
modynamic barrier for N2 reduction, but also 
has a role in the kinetic mechanism, not yet 
completely understood (Rees and Howard 
2000).
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During photofermentation, cells are in 
photoheterotrophic conditions, i.e. the ATP 
is formed via anoxygenic photosynthesis, 
while the reducing power is derived by the 
catabolism of organic substrates, as it is 
schematically shown in Fig. 12.1.

The main energy carrier of a cell, ATP, is 
thus only synthesized by photosynthesis and 
many molecules are consumed while nitro-
genase is active; this makes the parameters 
that refer to light and photosynthesis of 
 crucial importance for the nitrogenase-medi-
ated hydrogen production process in PNSB.

For this reason in recent years a large 
number of researches was aimed at optimiz-
ing illumination protocols in order the 
parameters capable of increasing photosyn-
thetic efficiency (see Sect. IV).

III. Anoxygenic Photosynthesis

Generally speaking, in the reaction center of a 
photosynthetic organism, the excitation energy 
of photons is used to move one electron from 
one chemical compound (donor) towards 
another compound (acceptor). Thus, the reac-
tion center is where the separation of charges 
actually occurs: the excitation energy is then 
stored into an energy-rich chemical bond.

The specificity of purple bacteria is given 
by their ability to form their energy carrier 
(ATP) in absence of oxygen by using  sunlight 
as a source of energy (Imhoff 1995). Indeed, 
in anoxygenic photosynthesis, a special pair 
of bacteriochlorophylls, [BChl]2, are both 
the primary electron donors and the final 
electron acceptors, as this photosynthetic 

Fig. 12.1. Main processes related to hydrogen production, under photoheterotrophic growth in non-nitrogen 
fixing conditions: anoxygenic photosynthesis (in green), ATP synthesis (in orange), TCA cycle (in red), hydrog-
enase and nitrogenase activities (in blue). The straight black arrows indicate the electron flow. The dotted lines 
indicate minor electron flow. The lightning symbols indicate light excitation. The waving arrows indicate light 
energy transfers. The straight green lines indicate proton translocation. Abbreviations: Cyt bc1, cytochrome bc1 
complex; Cyt c2, cytochrome c2, Fd ferredoxin, RC, Reaction center, Succinate – DH succinate dehydrogenase; 
NADH-DH NADH dehydrogenase. Numbered 1–4* signs will be discussed in Sect. VI of this chapter (Scheme 
modified from Adessi and De Philippis 2012, with kind permission from Springer Science+Business Media BV).
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process is operationally defined as cyclic 
(Fig. 12.1).

A photon is absorbed by the light harvest-
ing (LH) complexes that funnel the excita-
tion towards bacteriochlorophylls in the 
reaction center (RC) and charge separation 
occurs. This energy is used for the release of 
an electron which reduces the quinone into a 
semiquinone. Once the quinone is doubly 
reduced (i.e. after a second photon is 
 captured) it picks up protons from the cyto-
plasmic space and translocates them through 
the membrane to reach the cytochrome bc1 
 complex: here electrons are channeled to the 
cytochrome c2 (Cyt c2) while protons are 
released in the periplasmic space. Cyt c2 is 
then able to reduce the oxidized primary 
electron donors in the RC, i.e. [Bchl]2, thus 
closing the cycle. The protons accumulated 
in the periplasmic space form an electro-
chemical gradient (ΔμH+) which is used by 
the ATP-synthase to generate ATP.

The photo-electron cycle can be opened by 
the “Δp-driven reversed electron transport” 
(indicated by the dotted black arrows in 
Fig. 12.1), i.e. by the action of both the NADH 
dehydrogenase working in the “reversed” way 
to reduce NAD+ to NADH, and the succinate 
dehydrogenase also working “backwards” 
reducing fumarate to succinate (Klamt et al. 
2008). As those two enzymes are able to cata-
lyze both the forward and reverse reactions, 
the force that drives the direction is the pres-
ence or absence of the products; in particular 
the reversed reactions are ways to get rid of 
the possible excess of the reduced quinol. The 
reversed NADH dehydrogenase reaction is 
also the way to refurnish the cell with NADH 
reducing equivalents.

A. The Photosynthetic Unit (PSU)

The absorption spectrum of purple bacteria 
(Fig. 12.2) is very wide as covers the two 
ends of the visible spectrum, and even a little 
wider. The ‘three fingered’ absorption bands 
between 450 and 550 nm are due to carot-
enoids. Bacteriochlorophylls (BChls) show 
two characteristic absorption bands: the 
Soret band in the near UV region, around 

390 nm (not shown in Fig. 12.2), and a band 
called Q band in the visible region of the 
spectrum. This band can usually be decom-
posed in two distinct bands called Qx andQy 
according to their predominant polarization. 
The absorption peaks at 800, 850 and 880 nm 
in the near infrared region are due to the Qy 
shift. The peaks at 850 and 880 often merge 
in one larger peak, having the maximum at 
an intermediate wavelength in between, but 
shoulders can be observed occasionally. The 
peak at 590 is due to the Qx shift of BChl a 
(Hoff and Deisenhofer 1997; Blankenship 
2002; Frank and Polívka 2008; Loach and 
Parker-Loach 2008; Robert 2008).

The pigment-protein complexes in the 
 bacterial PSU are responsible for the absorp-
tion of light energy and its conversion to elec-
tronic excitation that drives the primary 
charge separation process. All the pigment- 
protein complexes bind both BChls and carot-
enoids; with a typical number of 10 LH-2 s, 1 
LH-1 and 1 RC the PSU contains approxi-
mately 300 BChls. The observed stoichiomet-
ric ratio BChl:carotenoids of 3:2 implies the 
presence of 200 carotenoids (Hu et al. 2002). 
Out of all these pigments, only very few 
BChls in the RC directly take part in photo-
chemical reactions; most BChls serve as light-
harvesting antennae capturing the sunlight 
and channeling electronic excitation towards 
the RC. A wealth of evidence has accumu-

Fig. 12.2. Absorption spectrum of Rb. sphaeroides 
taken as an example for purple bacteria absorption spec-
trum. Peak wavelengths slightly vary among species.
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lated now which proves that the organization 
of PSUs, to surround an RC with aggregates 
of chlorophylls and associated carotenoids, is 
universal in photosynthetic bacteria, higher 
plants and other photosynthetic organisms 
(Cogdell et al. 1996; Fromme 1996; Hankamer 
et al. 1997; Hu and Schulten 1997).

An overall scheme of the photosynthetic 
units is given in Fig. 12.3, where are repre-
sented the protein complexes, differently 
colored for LH2, LH1 and RCs, the pigment 
organization and the electronic couplings.

1. Carotenoids

An amount of about 50 distinct carotenoids 
have been described for purple anaerobic 
bacteria, and most of them have structures 
that significantly differ from those found in 
other photosynthetic or non-photosynthetic 
organisms.

The function of carotenoids in photosyn-
thetic organisms, and in purple anaerobic 
bacteria as well, is both to harvest light 
energy and to protect the cell from photo- 
induced stress; also structural roles cannot 
be excluded (Takaichi 2008).

The pathways for carotenoid-genesis in 
purple bacteria have been classified in two 
distinct main pathways that contain many 
variations on their inside: the spirilloxantin 
pathway (that contain normal spirilloxantin, 
unusual spirilloxantin, sphaeroidene and 
 carotenal pathways) and the okenone 
 pathway (comprising okenone and R.g.-keto 
carotenoids pathways).

The structure of a carotenoid molecule 
affects its ability to transfer energy to BChls:  
Rb. sphaeroides containing spheroidene 
showed a 80–100 % energy transfer efficiency; 
Rp. acidophila containing rhodopin gluco-
side showed a 35–70 % efficiency; even a 

Fig. 12.3. Organization of the photosynthetic unit (PSU) from the supramolecular organization (left hand side) 
to individual bacteriochlorophylls and the electronic couplings (right hand side). Protein complexes and the 
BChls they respectively embed are colored as follows: LH2 in green, LH1 in red and RC in blue. On the left 
side, proteic subunits are represented with tubes; in the middle the proteic complexes are transparent to make 
the BChls visible; on the right side the strong electronic couplings of BChls are shown (Figure from Şener and 
Schulten 2008, with kind permission from Springer Science+Business Media BV).
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lower efficiency has been detected (~30 %) 
for Rs. rubrum LH1 containing spirilloxan-
tin (Frank and Polívka 2008).

2. Light Harvesting (LH) Complexes

LH complexes are able to harvest a great 
portion of photons hitting the cellular 
 membrane and then to transfer the energy to 
the “open” (i.e. ready to accept photons) 
reaction center. LH1 and LH2 differ in struc-
ture and in the role covered: LH1 is  intimately 
associated to the RC (for that reason is often 
referred to as the “core” or “primary” 
 complex) and is found in all purple photo-
synthetic bacteria. LH2 is present in most 
species, but not all of them; this complex is 
distal from the RC (and is also referred to as 
the “secondary” complex) and channels the 
excitation to the RC only trough LH1 
 complexes. This is the reason why the LH2 
complexes present absorption bands at 
higher energy levels (i.e. lower wavelengths) 
than those of LH1 (Gabrielsen et al. 2008).

Both antenna complexes are composed of 
repetitions of an elementary unit formed by α 
and β hydrophobic apoproteins (Zuber and 
Brunhisolz 1991). Those αβ subunits bind two 
BChl molecules and one or two carotenoids 
molecules (Cogdell et al. 2006); the subunits 
are organized in rings of different dimensions 
for the two kinds of complexes and the rings 
themselves can form different structures 
(Sheuring et al. 2004, 2005). “Basic” LH1 
complexes are composed of at least 16 αβ 
subunits forming a ring that  surrounds the RC 
(Karrash et al. 1995; Walz and Ghosh 1997; 
Walz et al. 1998; Jamieson et al. 2002); how-
ever, the structure varies significantly among 
bacterial species. In some cases LH1 com-
plexes also contain an additional polypeptide 
named PufX (Cogdell et al. 1996).

LH2 is structured as circles as well, but 
composed of a different number of subunits 
compared to LH1; differences in the number 
of subunits and in their organization have 
been observed among different species. 
Generally speaking LH2 are smaller cycles 
than LH1 (Robert 2008).

These structural differences between LH1 
and LH2, and the different environment and 

organization of the BChls they contain, give to 
the two complexes a difference in the absorp-
tion bands (Gabrielsen et al. 2008). In particu-
lar, LH2 contains B800 and B850 BChls, 
while LH1 contains B880 BChls (the numbers 
following the letter B indicate the wavelength 
corresponding to the Qy transition of BChl; for 
details see Frank and Polívka 2008).

3. The Reaction Center (RC)

The reaction center (RC) of purple bacteria 
is an integral membrane protein complex 
composed of L, M and H subunits. The H 
subunit contributes to the complex stability 
and is involved in proton binding and trans-
fer, while L and M compose the core of the 
RC and embed 9 cofactors, symmetrically 
disposed in an A and a B branch as shown in 
Fig. 12.4: 2 BChl a molecules that form a 
dimer (P or [BChl]2) connecting the two 
branches, 2 monomeric bacteriochlorophyll 
a molecules (BA and BB), 2 bacteriopheophy-

Fig. 12.4. Schematic representation of the reac-
tion center (RC) of purple bacteria. RC is an integral 
membrane protein complex composed of L, M and H 
subunits. The H subunit contributes to the complex 
stability, while L and M compose the core of the RC 
and embed nine cofactors, symmetrically disposed in 
an A and a B branch: 2 BChl a molecules that form a 
dimer (P or [BChl]2) connecting the two branches, 2 
monomeric bacteriochlorophyll a molecules (BA and 
BB), 2 bacteriopheophytin a molecules (HA and HB), 
2 ubiquinone molecules (QA and QB), and an iron (Fe) 
atom. The round arrow shows the electron path. The 
waving arrow shows excitation energy.
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tin a molecules (HA and HB), 2 ubiquinone 
molecules (QA and QB), and an iron (Fe) 
atom. Some authors suggested also the pres-
ence of a carotenoid molecule located next to 
the BB monomer. Bacteriochlorophylls and 
bacteriopheophytins can be substituted by 
some other molecules of the same class 
(Williams and Allen 2008).

When a photon is conveyed to the P dimer 
an electron is raised to a higher energy level; 
the excited dimer P* transfers the electron, 
selectively through the A branch, to BA 
(Fig. 12.4). Then, the electron is transferred 
to HA; the overall transfer from P* to HA 
takes from 3–5 ps, depending on bacterial 
species. Then the electron is transferred from 
HA

− to QA and finally to QB, reducing it to 
QH2. The oxidized P+ is reduced back to P by 
an electron donated by Cyt c2 (Fig. 12.1).

B. The Role of Quinones

Purple bacteria export reducing equivalents 
in pair from the RC, and the molecule migrat-
ing from the RC to the other membrane pro-
teins is the reduced quinol (QH2).

Two electrons are needed to reduce the qui-
none to quinol, so, as the RC transfers elec-
trons one by one, two quinones (QA and QB) 
are needed and act in a cycle in order to accu-
mulate two reducing equivalents; after two 
RC turnovers a QH2 is released from the QB 
site (Okamura and Feher 1992, 1995; 
Shinkarev and Wraight 1993; Okamura et al. 

2000; Paddock et al. 2003; Wraight 2004, 
2005). During this cycle, protons are captured 
from the cytoplasm through the acceptor qui-
none cycle, and then released in the periplasm 
by the cytochrome bc1 complex to form the 
proton gradient needed for ATP synthesis.

QH2 is enough lipophilic to freely move 
throughout the membrane and to transport its 
reducing power to different membrane- 
bound enzymes. Indeed, quinones hold a 
crucial role for the energetic processes in the 
cell, as it is schematically shown in Fig. 12.5. 
They not only take part in photosynthesis, as 
it has been above reported, but they also 
function as electron carriers for all of the 
redox processes taking place in the mem-
brane (Adessi and De Philippis 2013); for 
the sake of brevity not all redox processes 
are treated in this chapter, but specific refer-
ences are given for further information.

During photosynthesis, they acquire elec-
trons from the RC and reach the cytochrome 
bc1 complex to donate them; they also can 
accept or donate electrons from/to NADH 
dehydrogenase and succinate dehydroge-
nase, as described earlier.

During respiration, they receive electrons 
from NADH-dehydrogenase and succinate 
dehydrogenase and carry the electrons to 
both the quinol oxidase and the Cyt bc1 
complex (Zannoni 1995; Zannoni et al. 
2008).

During denitrification, they carry the elec-
trons to nitrite reductase (Shapleigh 2008).

Fig. 12.5. The quinone pool functions. Q quinones, Cyt bc1 complex: cytochrome bc1 complex, NADH DH 
NADH dehydrogenase, Succinate DH succinate dehydrogenase.
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In anaerobic conditions and under H2 con-
taining atmosphere, quinones can accept 
electrons from hydrogenase (either donate 
them, but rarely and depending on the abun-
dance of substrates and products of the 
hydrogenase catalyzed reaction).

Again, in anaerobic conditions electrons 
can also be transferred to ferredoxins, with 
the expense of a molecule of ATP, that will 
then carry the reducing power to nitrogenase 
in order to fix nitrogen and/or reduce protons 
to hydrogen.

Moreover, they are not only involved in 
many essential redox reactions, but also are 
the mediators of the integrative cell-redox 
state signal to the RegA/RegB regulon 
(Swem et al. 2006) which regulates the 
major processes taking place in purple non 
sulfur bacteria: photosynthesis, respiration, 
nitrogen and carbon fixation (Elsen et al. 
2004).

IV. Photosynthetic Efficiency (PE)

Generally speaking, the photosynthetic effi-
ciency (PE) is defined as the energy stored as 
biomass produced per unit of light energy 
absorbed (Gadhamshetty et al. 2011). It is 
also called light conversion efficiency. The 
calculation of the light energy absorbed can 
be based either on the full solar irradiance or 
on the photosynthetically active radiation 
(PAR) range. As a measure for efficiency, 
when working with photosynthetic organ-
isms, biomass yield (calculated as protein 
content or dry weight) on light energy is 
often used. However, in the case of hydrogen 
production, the product of the process is 
energy in the form of H2 and the limiting fac-
tor is light; therefore, in this specific case, 
expressing the efficiency on the basis of the 
hydrogen-related energy produced per unit 
of light energy absorbed is more accurate 
(Eq. 12.3).

 

PE
Free energy of the total amount of 

Totalenergyof the l
=

H2
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%

 
(12.3)

It has to be stressed that in this calculation 
only the energy input of light is considered, 
and not the energetic contribution of organic 
substrates consumed by the cell during 
hydrogen production (Hallenbeck and 
Benemann 2002).

The efficiency by which the light energy 
can be transformed into hydrogen gas energy 
is dependent not only on the part of the energy 
that is absorbed by the antenna systems of the 
organism studied but also on the energy loss 
during the several steps of excitation and 
electron transfers that follow. In addition to 
that, PE is a measure derived from the amount 
of hydrogen produced, thus all cellular pro-
cesses that deviate from the routes that bring 
to hydrogen production negatively affect PE. 
To summarize, hydrogen production depends 
both on photoparameters such as quality and 
quantity of light and on biological factors 
such as pigment composition, quantum 
requirements and the metabolism of the 
different PNSB strains. Therefore, qualitative 
and quantitative understanding of each of 
those factors is important to optimize PE. 
Moreover, only the 65.8 % of the spectrum is 
actually part of the PAR for purple bacteria; 
the energy associated to one mole of photons 
depends on the wavelengths inside this 
65.8 %, so PE should be calculated for each 
wavelength. However, quantum yields are 
only known for 522 and 860 nm wavelenghts 
(Miyake 1998), and lead to wavelength spe-
cific PEs of 8.4 % and 19 % respectively. 
From these data it was calculated that the 
theoretical maximum PE for PNSB, based on 
the natural sunlight spectrum, is at least 10 % 
(Akkerman et al. 2002).

PE is a crucial factor for optimum hydro-
gen production and it is the most important 
aspect to be taken into account designing a 
photobioreactor (Akkerman et al. 2002; 
Gadhamshetty et al. 2011). Indeed, high sur-
face to volume ratios are necessary to cap-
ture sufficient light (Dasgupta et al. 2010); 
this means that operating at a scarce PE 
implicates the need to occupy a large surface 
area with the photobioreactor for producing 
satisfactory amounts of hydrogen. 
Consequently, photobioreactors that optimize 

12 Photosynthesis and H2 Production in PNSB



278

light distribution and capturing by cells are 
required for efficient hydrogen production 
processes.

Moving from theory to practice, low PE 
has always constituted a very hard obstacle 
to overcome, not only using natural sunlight 
but also using artificial irradiation. Indeed, 
up to 2010, high photosynthetic efficiencies 
have been reached using such low light 
intensities that the production rates were not 
enough to be considered interesting for an H2 
production process. Barbosa et al. (2001) 
observed that higher light intensities may 
decrease PE, but usually increase hydrogen 
productivity. Miyake and Kawamura (1987) 
reported light conversion efficiencies of 7.9 
and 6.2 %: they illuminated the cultures with 
a xenon lamp at 50 W m−2 and by a solar 
simulator at 75 Wm−2, respectively. Those 
light intensities allowed to reach a relevant 
value of PE, but are too low to reach gas 
 evolution rates that can be considered inter-
esting for production processes. However, 
recently, impressive high PEs have been 
obtained (Tian et al. 2010; Wang et al. 2013) 
associated to high hydrogen production 
rates, by paying attention to the quality of the 
incident light. These data will be discussed 
thoroughly in this paragraph, Sect. IV.B.

A. Light Intensity

In Rb. capsulatus it has been observed that 
light strongly stimulates not only the activity 
but also the amount of nitrogenase synthe-
sized (up to 25 % of all soluble proteins); as 
a consequence, a larger amount of hydrogen 
under high light conditions was observed as 
well (Jouanneau et al. 1985; Vignais et al. 
1985). The photophosphorylation capacity is 
also slightly greater in cells grown under 
high light-intensity than in cells grown under 
low-light intensities (Steinborn and Oelze 
1989). Therefore, Kars and Gündüz (2010) 
proposed that high ATP production rates 
under well-illuminated conditions result in 
higher hydrogen production activity.

Uyar et al. (2007) indicated, for  
Rb. sphaeroides, a minimum light intensity 
of 270 W m−2 to obtain high hydrogen pro-

duction rates, this value being equivalent to 
4,000 lx and 1,370 μmol(photons) m−2 s−1.

However, it must be underlined that the 
intensity of light impinging on the photobio-
reactor, which is the parameter usually 
reported in the literature, is not equivalent to 
the intensity of light actually faced by the 
single cells. Indeed, due to the self-shading 
of cells, a phenomenon always present in the 
cultivation systems used for growing photo-
trophic microorganisms (Vonshak and 
Richmond 1985; Tredici 1999), the amount 
of light reaching the single cell may be hun-
dreds of times lower than the light reaching 
the photobioreactor, or even zero 
(Gadhamshetty et al. 2011). This well known 
phenomenon depends on the concentration 
of the cells, the light path in the photobiore-
actor and the amount of light absorbed by the 
single cell. This amount, on its side, depends 
on cell diameter, pigment composition and 
concentration, antenna size.

From these considerations, it is quite evi-
dent that it is a problematic task to evaluate 
the exact amount of light that is absorbed by 
a cell, thus making the photosynthetic effi-
ciency a parameter that relies on a few 
approximations.

B. Light Quality and Sources

Purple bacteria are able to absorb light at the 
very extremities of the visible spectrum 
(Fig. 12.2) with one main absorption band at 
300–500 nm and the other above 800 nm in 
the near infrared region.

When using artificial light, the most fre-
quently used light sources are incandescent 
lamps. Among them, tungsten lamps have an 
emission spectrum that covers the whole 
absorption spectrum of PNSB (Adessi and 
De Philippis 2012). Particularly important is 
the high near infrared emission, where is 
located the absorption maximum of bacte-
riochlorophylls. Halogen lamps are quite fre-
quently used as well.

As incandescent lamps are energy- 
expensive light sources, an interesting alter-
native is offered by Light Emitting Diodes 
(LEDs). Kawagoshi et al. (2010) prefigured a 
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reduction of energy cost by 98 % using LEDs 
instead of tungsten lamps. In a cost effective 
scaled-up system, though, the best solution 
would appear the use of natural solar light.

Table 12.1 shows the results deriving from 
different kinds of photobioreactors illumi-
nated by different light sources: incandescent 
lamps, LEDs and solar light. Summarizing 
the experimental results reported in 
Table 12.1, PE is <10 % in the experiments 
carried out using incandescent lamps, it 
stands around 1 % when using solar light but 
reaches very high values when using LEDs.

Apparently, specific LED illumination 
granted the highest ever obtained PE values. 
Those data were obtained using immobilized 
systems: glass beads biofilm (Tian et al. 
2010) or a mix of PVA, carrageenan and 
alginate (Wang et al. 2013). These outstand-
ing efficiencies, respectively 56 and 82 % 
(see Table 12.1), were to a great extent due to 
the use of LEDs illuminating at a selected 
specific wavelength (590 nm). This specific 
excitation allowed the cells to utilize a large 
part of the incident energy, as it was at the 
exact wavelength that could be absorbed by 
the culture.

590 nm as an emission wavelength was 
the best among other wavelength specific 
LEDs (470, 520, 590, 620 nm), tested by 
Zhang et al. (2010); comparing those 
emission wavelengths with the PNSB 
absorption spectrum (Fig. 12.2) it emerges 
that 590 nm is very close to one of the 
absorption peaks of bacteriochlorophylls. 
Also long- wavelength emitting LEDs have 
been used for hydrogen production processes 
with PNSB (Kawagoshi et al. 2010); those 
LEDs provided an emission spectrum having 
a maximum at 850 nm and were used for 
illuminating a halotolerant Rhodobacter sp., 
but poor hydrogen production was obtained. 
However, the scarce hydrogen production 
was not due to the light source, but most 
probably to sub- optimal growth conditions.

The use of natural sunlight opens a series 
of more complex issues, not all related to 
light itself. Indeed, most sunlight illuminated 
photobioreactors are outdoor large-scale sys-
tems, whose management complicates the 

processes comparing it with a lab-scale pro-
cess (Chen et al. 2011). However, focusing 
exclusively on light-related issues, not all of 
the solar spectrum is part of the PAR for 
PNSB, as mentioned earlier. Moreover, 
Miyake et al. (1999) pointed out how the 
intrinsic variability of solar light makes the 
rates vary along with light intensity during 
the day, giving an endemic inconstancy to 
the process. Furthermore, they observed a 
probable photoinhibition under the highest 
irradiation of the day (0.9 kW m−2).

Generally speaking, when H2 production 
is carried out outdoors using solar irradia-
tion, PE is around 1 %. The highest PE 
reported with a solar photobioreactor con-
taining purple bacteria (1.4 %) was obtained 
with a flat plate reactor provided with light 
shading bands (Wakayama and Miyake 
2002). The special feature of the system used 
by Wakayama and Miyake (2002) was the 
reduction of the total amount of light irradia-
tion reaching the cells through the use of 
shading bands.

Photoinhibition in outdoors purple bacte-
ria culturing systems has not been studied 
thoroughly yet, as a few studies on PNSB 
pay a specific attention to it. Miyake et al. 
(1999) observed a delay of 2–4 h of the max-
imum H2 production rate after the maximum 
irradiation at noon. At the same regard, 
Adessi et al. (2012a) tried to avoid photoin-
hibition cutting sunlight intensity by 50 % 
using a light-shield. Hydrogen production 
rates were not negatively affected by this 
light intensity decrease; on the contrary, the 
maximum rate (27.2 ml l−1 h−1), reached 2 h 
after noon, was comparable to artificial lab- 
conditions results. However, this delay in 
achieving the maximum production rate 
compared to the peak of irradiation might 
still indicate photoinhibition by the highest 
irradiation of the day.

Although the photoinhibition might affect 
hydrogen production during the peak irradi-
ation of the day, Adessi et al. (2012a) 
observed a good physiological long-term fit-
ting of a Rp. palustris culture, as confirmed 
by the BChl a fluorescence analysis. Twenty-
one days of exposure to solar irradiation was 
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not affecting the functionality of the photo-
system, and it was not degraded by the 
excess of solar radiation. This indicates a 
very high capability of purple bacteria to 
acclimate to conditions that would potentially 
be a source of stress, as an excessive light 
irradiance. Structural and functional homol-
ogy between the purple bacterial RC and the 
RC of the photosystem II (PSII) of oxygenic 
photosynthesis allows the use of variable 
bacteriochlorophyll (Bchl a) fluorescence to 
investigate the energy transfer and electron 
transport within the photosynthetic appara-
tus. There is evidence that confirms the appli-
cability of chlorophyll fluorescence analysis 
(usually used for oxygenic photosynthetic 
organisms) to photosynthetic bacteria 
(Koblízek et al. 2005; Maróti 2008; Asztalos 
et al. 2010; Adessi et al. 2012a).

V. Substrate to Hydrogen 
Conversion (SC)

As it has been described earlier (see 
Fig. 12.1), under photoheterotrophic growth 
conditions the ATP is formed via anoxygenic 
photosynthesis, while the reducing power is 
derived by the catabolism of organic sub-
strates. Thus, the efficiency of the carbon 
related metabolic processes has a role in 
determining the amount of electrons 
accumulated as quinols and then, if that is 
the case, transferred to nitrogenase 
through ATP-dependent ferredoxin reduc-
tion. Therefore, even going back to the role 
that quinones have in the cell (Fig. 12.5), it 
looks clear how hydrogen production in 
purple bacteria is related to many metabolic 
processes that deal with ATP generation 
(photosynthesis), carbon metabolism and 
nitrogen fixation. Usually, all the processes 
involved in energy generation, as photosyn-
thesis and H2 oxidation, and energy con-
sumption, as N2 and CO2 fixation, are 
globally regulated by the two component 
system RegB-RegA (Elsen et al. 2000).

The preferred substrates for hydrogen 
production are the low-molecular weight 
organic acids that can easily enter the TCA 

cycle, which is very active during anaerobic 
photosynthetic growth.

Carbon metabolism in purple non-sulfur 
bacteria has been schematically compiled 
by Koku et al. (2002). That scheme 
describes the metabolism of Rb. sphaeroi-
des, but not all species and genera follow 
the same scheme: for example Rp. palustris 
does not possess the Entner-Doudoroff 
pathway (Larimer et al. 2004). A well doc-
umented description of C metabolism in 
PNSB in relation with hydrogen production 
is reported in Chap. 7 of this volume 
(McKinlay).

An important parameter to evaluate the 
yield of a hydrogen production process is the 
substrate conversion efficiency, calculated as 
the ratio between the moles of hydrogen 
 produced and the moles theoretically obtain-
able if all the substrate consumed was con-
verted to CO2 and H2. Thus, considering the 
most common organic acids utilized in pho-
tofermentation processes (Barbosa et al. 
2001), the conversion yields can be calcu-
lated from the following reactions:

Lactate CO: C H O H O H3 6 3 2 2 23 6 3+ → +  (12.4)

 
Acetate CO: C H O H O H2 4 2 2 2 22 4 2+ → +  (12.5)

 
Malate CO: C H O H O H4 6 5 2 2 23 6 4+ → +  (12.6)

It has to be stressed that these reactions are 
theoretical, because they are neither consider-
ing the utilization of the substrate for the 
growth neither limiting factors occurring in a 
culture. On the basis of these reactions, the gas 
expected should be composed of a 66.7 % of 
H2 and a 33.3 % of CO2 when growing on lac-
tate and on acetate; a 60 % of H2 and a 40 % of 
CO2 when growing on malate. Actually, the 
gas phase above the culture is much richer in 
H2 then in CO2, due to a partial solubilization 
of CO2 in the culture medium and also to a 
partial fixation to CO2 for anabolic reactions 
(McKinlay, Chap. 7 of this volume).

The presence of Calvin cycle in carbon 
metabolism has been described by Joshi and 
Tabita (1996). They demonstrated that the 
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absence of the reductive pentose phosphate 
CO2 fixation pathway enhances the synthesis 
of nitrogenase also in presence of ammo-
nium ions, as the reduction of CO2, in photo-
heterotrophy, is another way to dissipate the 
excessive reducing power deriving from 
organic carbon compounds. McKinlay and 
Harwood (2010, 2011) followed the exact 
pathway of CO2 molecules, getting to the 
conclusion that CO2 fixation actually 
deprives the cells from a part of the electrons 
that would either be useful for hydrogen 
 production, but that it is not true that a more 
reduced substrate generates a larger quantity 
of electrons available for H2 production.

A 100 % substrate conversion efficiency 
has been reported by Sasikala et al. (1990), 
but in a limited culture volume (2 ml); con-
version efficiencies (reported in Table 12.1) 
mainly range between 60 % and 90 %.

The substrate conversion efficiency is 
strongly affected by the C/N ratio in the cul-
ture. Indeed, a high C/N ratio in the culture 
media usually leads to higher hydrogen pro-
duction compared with low C/N ratio, where 
a higher cell growth occurs (Kapdan and 
Kargi 2006; Redwood et al. 2009; Keskin 
et al. 2011). In the latter case, the conversion 
efficiency decreases due to the consumption 
of the organic acids for cell growth instead 
that for hydrogen production. This problem 
becomes a very relevant matter when waste-
waters or liquors deriving from other fermen-
tation processes are utilized for the production 
of H2 by means of photofermentation (Eroglu 
et al., Chap. 11 of this volume).

As regarding the processes that compete 
with the conversion of the carbon substrate 
to hydrogen, PNSB are also capable of pro-
ducing poly-β-hydroxybutyrate (PHB) a 
valuable by-product which is a biodegrad-
able thermoplastic having industrial and 
medical interest (De Philippis et al. 1992; 
Sasikala and Ramana 1995; Reddy et al. 
2003; Franchi et al. 2004). PHB synthesis 
not only consumes the carbon substrate itself 
(acetate molecules are needed as building 
blocks for PHB), but also the reducing 
power, as PHB synthesis utilizes NADH. 
Both those aspects are in competition with 

hydrogen production during photofermentation 
(De Philippis et al. 1992; Hustede et al. 1993; 
Vincenzini et al. 1997; Koku et al. 2003; 
Franchi et al. 2004).

Other factors affecting substrate conver-
sion are the mixing and the availability of the 
substrate for the cells in terms of exchanging 
surface between cells and medium. In par-
ticular, immobilized or biofilm reactors show 
a higher conversion efficiencies for that rea-
son (Table 12.1).

VI.  Process Bottlenecks –  
Conclusions

In this chapter, an overview of the process 
leading from light energy to the production 
of a molecule of hydrogen was given. From 
this description, it appears evident that this 
process encounters many hurdles and devia-
tions from the desired route.

In Fig. 12.1, the most critical steps, that 
can be bottlenecks of the process are indi-
cated by star signs:

*1 Energy transfer through the photosynthetic 
unit;
*2 Reducing power deviation;
*3 Nitrogenase activity;
*4 Substrate deviation.

Recently, Harwood (2008) and Kars and 
Gündüz (2010) reviewed the research on 
mutagenesis of strains in order to overcome 
the hurdles described. Below are listed the 
cultivation strategies that can be adopted for 
each of the previous points.

*1 Strategies for improving the energy 
transfer through the photosynthetic unit:

Reduced pigment strains: reducing pig-
ment content by genetic manipulations is 
aimed at reducing the self-shading effect of 
the cells. As a consequence, the light pene-
tration inside the bioreactor increases, caus-
ing an increase in H2 production (Vasilyeva 
et al. 1999; Kondo et al. 2002a, b).

Protection from photoinhibition: light shad-
ing bands (Wakayama and Miyake 2002) or 
light shields (Adessi et al. 2012a) prevent the 
cells to be burnt by the excess of sunlight.

12 Photosynthesis and H2 Production in PNSB
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Use of specific light sources: the use of 
specific-wavelength LEDs brought to higher 
PEs (Tian et al. 2010; Wang et al. 2013).

*2 Strategies for preventing the of devia-
tion reducing power:

Hydrogenase inhibition: since uptake- 
hydrogenase decreases the efficiency of H2 
production, it was targeted to be eliminated 
in many PNSB either by antibiotic resistance 
gene insertion into the hup genes or by dele-
tion of hup genes (Kern et al. 1994; Ooshima 
et al. 1998; Franchi et al. 2004; Kim et al. 
2006; Öztürk et al. 2006; Kars et al. 2008; 
Kars et al. 2009); other deviations are 
avoided by supplementing the cultures with 
reduced carbon substrates in order not to let 
the cells run out of reducing equivalents.

CBB defective strains: PNSB fix CO2 via 
the Calvin Benson Bassham (CBB) cycle; 
the overall pathway consumes both NADPH 
and ATP to synthesize cell material; carbon 
dioxide fixation defective strains have been 
constructed in order to save electrons for 
hydrogen production (Joshi and Tabita 1996; 
Qian and Tabita 1996; McKinlay and 
Harwood 2010, 2011).

*3 Strategies for enhancing nitrogenase 
activity:

Enhanced electron flow to nitrogenase: 
the rnf operon has been identified as related 
to the electron transport to nitrogenase. 
Overexpression of this operon led to higher 
nitrogenase activity (Jeong and Jouanneau 
2000).

Enhanced nitrogenase activity: the limit-
ing step for nitrogenase mediated catalysis is 
difficult to overcome due to the complexity 
of the mechanism. However, a possible strat-
egy could be acting on the substrate selectiv-
ity of nitrogenase in presence of dinitrogen 
(Harwood 2008), as it has already been 
proved to be successful in Azotobacter vine-
landii (Barney et al. 2004).

Deregulation of nitrogenase: nitrogenase 
is strongly inhibited by the presence of fixed 
nitrogen in the cell (Rey et al. 2007; Heiniger 
et al. 2012); deregulating nitrogenase appears 
to have a stabilizing effect on hydrogen pro-
duction even on ammonia containing sub-
strates (Adessi et al. 2012b).

*4 Strategies for avoiding substrate 
deviation:

PHB route inactivation: polyhydroxyal-
kanoic acids biosynthesis constitutes a way 
for disposing of the excess of reducing 
power in the cell; it competes with hydrogen 
production and consumes acetate. Deletion 
of the PHB synthesizing route resulted in 
enhanced hydrogen production (Hustede 
et al. 1993); following studies reported an 
enhanced hydrogen production only when 
PHB deficiency was coupled with uptake 
hydrogenase inactivation (Franchi et al. 
2004; Kim et al. 2006).

It looks clear how complex is the itinerary 
that brings from light to hydrogen and how 
many different routes have been taken to 
optimize the process. A “supermutant” 
bringing all the mutations above reported is 
not a solution that the authors consider fea-
sible, due to the consequent fragility of an 
organism that would bring all those kind of 
genetic alterations. A fragile organism, even 
if the hydrogen production route might be 
stabilized in its metabolism, would not be a 
good choice for an up-scaled process in par-
ticular if operating on complex substrates 
derived from other fermentation or degrada-
tive processes. On the contrary the authors 
believe that a limited number of genetic 
manipulations carefully combined with the 
more appropriate culture conditions and 
photobioreactor geometry should be 
designed for each specific process in order to 
obtain the maximum hydrogen production 
without affecting process stability.
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Summary

The photobiological production of H2 is a subject that has been studied with great intensity 
over the past 50 years using different approaches; direct or indirect biophotolysis (green 
algae and cyanobacteria) and photo-fermentations (photosynthetic bacteria). The number of 
publications on the subject is impressive. However, hardly any of the production methods 
proposed have progressed beyond the laboratory, and the photobioreactors (PBR) used to 
carry out the processes are still bench-top scale laboratory devices. The scale up of some of 
the proposed PBR to carry out the process outdoor using full solar radiation is just beginning 
and the existing data are too scarce.

This chapter is mainly addressing the major issues in the design and scale up of photo-
bioreactors (PBR) for the eventual photobiological production of H2 when using an envis-
aged two-stage scheme. A first one in which microalgae are cultivated in large open ponds 
to produce microalgae biomass with a high C/N ratio; then, by changing the physiological 
conditions, a second anoxygenic step to produce hydrogen in closed PBRs. The different 
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I. Introduction

The current hydrogen production is based 
on thermochemical processes (mainly 
steam reforming of methane) that use fossil 
fuel, thus being great producers of CO2. 
Only a small fraction of current world pro-
duction comes from water electroly-
sis (Berberoglu et al. 2008). This latter 
approach would be even more sustainable 
if the electricity required for electrolysis 
came from photovoltaic cells. However, 
this technology is quite expensive and the 
cost remains a major drawback. Therefore, 
the world’s growing energy needs will 
place much greater reliance on a combina-
tion of fossil fuel-free energy sources and 
new technologies for capturing sunlight 
and converting atmospheric CO2. Within 
these technologies falls the photosynthetic 
hydrogen production from sunlight and 
water with the possible advantage of CO2 
capture, which has been investigated with 
great dedication over the past 50 years 
(Levin et al. 2004; Laurinavichene et al. 
2006; Das and Veziroglu 2008). The advan-
tages most highlighted in these studies, 
with respect to the current industrial 
 technologies for producing H2 are: (a) the 
biological H2 production occurs under 
mild temperature and pressure conditions, 
(b) the reaction specificity is typically 
higher than that of inorganic catalysts used 
in thermochemical processes and (c) there 
is a diverse collection of raw materials, 
including waste, that can serve as feedstock 
for the production of photobiological H2.

In theory, the photobiological production of 
hydrogen from water requires an efficient 
microalgae capable of converting protons to H2 

and low cost PBRs. The selected microal-
gal strains should exhibit a high hydrogen 
 production rate and high light to hydrogen 
 conversion efficiencies when using dense cul-
tures outdoors (Benemann 1997, 2000). The 
PBRs must expose the H2-producing cultures 
to sunlight and at the same time allow the 
recovery of the gas produced (Berberoglu et al. 
2008). Most of the studies on photobiological 
H2 production so far available have been car-
ried out in  well- equipped lab scale photobiore-
actors having various geometries (Levin et al. 
2004; Berberoglu et al. 2008; Oncel and 
Sabankay 2012). In addition, due to differences 
in (i) the design of the PBRs, (ii) the light 
sources, (iii) the temperature of operation, 
(iv) the microorganism used and (v) the media 
used, the results reported in the literature for H2 
production show large variations of over a hun-
dred fold (Eroglu and Melis 2011). For exam-
ple: the maximum reported H2 production rate 
for C. reinhardtii outdoors was 0.61 ml L−1 h−1 
in a process which used a  second phase with 
sulphur deprivation to induce H2 production 
(Giannelli and Torzillo 2012). However, for the 
cyanobacterium Anabaena variabilis, some of 
the reported data are: 167.6 mmol H2 g chl 
a−1 h−1 in a process using indirect biophotolysis 
(Sveshnikov et al. 1997); or the 150 mmol H2 g 
chl a−1 h−1 reported for the marine green algae 
Scenedesmus obliquus (Florin et al. 2001). In 
contrast, the maximum reported H2 production 
rates when using purple-non sulphur (PNS) 
bacteria in a outdoor photofermentative pro-
cess was 27.2 ml L−1 h−1 by using a horizon-
tal tubular PBR (Adessi et al. 2012), and 
5.9 mol H2 kg−1 h−1 for Rhodobacter spharoides 
(Sasikala et al. 1991).

Although some advances have been 
recently made, there are still many prob-

designs currently used for practical microalgae mass culture are reviewed,  identifying 
their characteristic parameters. The major operational variables impacting on PBR per-
formances are also highlighted, as well as the challenges associated with the PBR design 
and scale up. Finally, the bottlenecks for the scaling up of the different technologies and 
thus of the photobiological H2 production are discussed.
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lems in the different routes proposed that 
should have to be solved before a practi-
cal  photobiological production process 
could be set up. The major drawbacks so far 
reported are related to the very low yields 
attained, well below those achievable for 
the  production of other biofuels from the 
same feedstocks (Hallenbeck and Benemann 
2002). Moreover, low yields may also lead to 
the generation of side products which being 
produced in large volumes, would generate a 
significant disposal problem. On the other 
hand, another major challenge when scaling 
up the photobiological H2 production, is con-
nected with the use of economically viable 
PBRs, and the sparse data available on out-
door production of H2 using a fully sealed 
PBR (Hallenbeck et al. 2012).

II. Major Routes for the 
Photobiological H2 Production

There are several pathways for photobiologi-
cal hydrogen production (note that dark fer-
mentation for producing H2 is not addressed 
in this chapter). Photobiological production 
of H2 includes three distinct routes such as 
(1) direct biophotolysis, (2) indirect biopho-
tolysis and (3) photo-fermentation. It is also 
possible to design integrated systems incor-
porating both photosynthetic and fermenta-
tive processes (Levin et al. 2004).

Direct Biophotolysis. When microalgae use 
this pathway, the energy source is the sunlight 
in the spectral range from 400–700 nm. The 
catalyst producing hydrogen is the enzyme 
hydrogenase, extremely sensitive to oxygen. 
This mechanism can be considered to be 
the photobiological electrolysis of water and it 
is, theoretically, the most energy efficient for 
H2 production (Prince and Kheshgi 2005). 
However, the oxygen produced during water 
splitting, irreversibly inhibits the functioning of 
the [Fe-Fe]-hydrogenase and the practical light-
to- hydrogen conversion efficiency at full solar 
radiation is well below 0.1 %. This makes the 
process impractical for industrial applica-
tions (Hallenbeck and Benemann 2002). Green 

algae such as Chlamydomonas reinhardtii, 
Scenedesmus obliquus, and Chlorococcum lit-
torale are capable of producing H2 via direct 
biophotolysis (Das and Veziroglu 2001) with 
H2 production rates varying between 2.5 and 
13 ml of H2 L−1 h−1 (Tsygankov et al. 1998; 
Laurinavichene et al. 2006).

Indirect Biophotolysis. In this mechanism, 
the source of electrons is also water. The elec-
trons are first used to reduce CO2 to form 
organic compounds during photosynthesis 
and O2 is simultaneously generated and 
released. Then, in a second step, that can be 
carried out in the same reactor if it is closed or 
in another closed reactor if the first step was 
carried out in an open reactor, electrons are 
recovered from the oxidation of the organic 
compounds and used in generating H2 through 
the action of nitrogenase (Hallenbeck and 
Benemann 2002). Thus, no O2 is generated 
during H2 production. Cyanobacteria such as 
Anabaena variabilis, are capable of indirect 
biophotolysis (Sveshnikov et al. 1997; 
Tsygankov et al. 1999; Pinto et al. 2002). The 
maximum theoretical light to H2 energy con-
version efficiency of indirect biophotolysis is 
about 60 % lower than that of direct biopho-
tolysis (Prince and Kheshgi 2005) due to the 
fact that (i) multiple steps are involved in con-
verting solar energy to H2 and (ii) the use of 
nitrogenase enzyme requires ATP. However, 
the problems associated to O2 that happen in 
direct biophotolysis make its actual efficiency 
lower than in the indirect biophotolysis. 
Production rates of 12.5 ml kg dry cells−1 h−1 
were obtained (Markov et al. 1997) by using a 
partial vacuum in the second step; similar to 
those achieved by Tsygankov et al. (2002). 
Yoon et al. (2006) incorporated nitrate to the 
culture medium to enhance the biomass pro-
ductivity of Anabaena in the first step and 
increased the H2 production rate in the second 
step. The authors reported maximum specific 
H2 production rates of 4.1 and 0.45 L kg dry 
cells−1 h−1 for flat panel reactors of 2 and 4 cm 
thick respectively. They flushed with argon in 
order to force the removal of the dissolved H2 
and to increase the H2 production in the 
 second step, as an alternative to the partial 
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vacuum used by Markov et al. (1997). 
Even higher productivities were obtained 
by Berberoglu et al. (2008): 5.6 L kg dry 
cells−1 h−1, at 1 atm and 30 °C, when using 
Allen-Arnon medium in comparison with 
those achieved when using BG 11 medium 
(1 L kg dry cells−1 h−1). However again, the 
reality is that the conversion efficiencies 
achieved by indirect biophotolysis are also 
below 1 %.

Photo-Fermentation. This mechanism is 
similar to indirect biophotolysis with the dis-
tinction that the organic compounds used are 
produced outside the cells via the photosyn-
thesis of other organisms. These extracellu-
lar organic materials, such as organic acids, 
carbohydrates, starch, and cellulose (Kapdan 
and Kargi 2006), are used as electron source 
and sunlight is used as energy source to pro-
duce H2 by the enzyme nitrogenase (Das and 
Veziroglu 2001). Since this enzyme is 
repressed by nitrogen fixation, photofermen-
tation needs a high C/N ratio biomass. Since 
cells do not carry out oxygenic photosynthe-
sis, no O2 is generated and all the solar 
energy can be used to produce H2. Thus, this 
mechanism is viewed as the most promising 
microbial system to produce H2 (Das and 
Veziroglu 2001). The major advantages of 
this route are (i) the absence of O2 evolution, 
which inhibits the H2-producing enzymes, 
and (ii) the ability to consume a wide vari-
ety of organic substrates found in waste 
waters. Due to their ability to harvest a 
wider light spectrum, from 300 to 1,000 nm, 
Purple non-sulphur (PNS) bacteria such as 
Rhodobacter sphaeroides, Rhodobacter cap-
sulatus and Rhodopseudomonas palustris 
hold promise as photo-fermentative H2 
 producers (Sasikala et al. 1991; Das and 
Veziroglu 2001; Adessi et al. 2012).

As stated before, the [Fe-Fe] hydroge-
nase involved in H2 generation during 
biophotolysis is irreversibly inactivated by 
the O2 produced during water splitting. A 
milestone in solving this problem when 
using the green algae C. reinhardtii was 
achieved by Melis and co-workers in 2000. 
The key of this process lies on the second 

phase of microalgae growth in which 
Photosystem II (PSII), that plays a vital 
role in oxygen generation, is deactivated 
the by sulphur deprivation (Melis et al. 
2000). They demonstrated H2 production in 
a sulphur-depleted, sealed,  illuminated C. 
reinhardtii culture for several days, starting 
one day after sulphur deprivation (Melis 
et al. 2000). In a first step the algae was 
grown in a medium containing acetate until 
a high biomass concentration was obtained. 
Upon harvesting, the biomass slurry was 
transferred to a sulfur-deprived medium in 
a second step. Sulphur deprivation causes a 
progressive decrease in the photosynthetic 
O2-evolving capacity of the cells, because 
the PSII repair function is slowed nearly to 
a halt (Wykoff et al. 1998; Melis et al. 
2000). When the photosynthesis rate drops 
below the level of respiration, the culture 
becomes anaerobic in a short period time 
as long as no oxygen is present in the pho-
tobioreactor (Melis et al. 2000). Under 
these conditions C. reinhardtii is able to 
synthesize an [Fe-Fe]-hydrogenase which 
combines electrons and protons from a 
remaining PSII activity and especially from 
the degradation of the starch (that has been 
accumulated in first stage 1 of the whole 
process) to produce significant amounts of 
H2 for several days (Antal et al. 2003; 
Posewitz et al. 2004; Rupprecht et al. 2006; 
Hemshemeier et al. 2008; Chochois et al. 
2009). In all the green microalgal species 
analyzed so far hydrogenases are coupled 
to the photosynthetic electron transport 
chain via ferredoxin, which after being 
reduced by PS1 donates its electrons to 
the hydrogenase, as has been shown for 
C. reinhardtii (Winkler et al. 2009).

This chapter addresses the main aspects to 
be tackled in the design of photobioreactors 
for the photobiological production of H2 
from green microalgae when using the route 
proposed by Melis and co-workers. For 
economic reasons, the growth phase should 
be performed first in raceways open ponds. 
Those systems are not appropriate for the H2 
production phase since the collection of the 
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desorbing hydrogen would pose serious dif-
ficulties unless fully sealed closed photobio-
reactors were used. Figure 13.1 schematically 
illustrates a typical process flow envisioned 
for continuous photobiological hydrogen 
production at industrial scale.

The photobioreactor configuration proposed 
in Fig. 13.1 could also be used, with slight 
operational modifications and the establishing 
the proper physiological conditions, for the 
production of H2 by indirect biophotolysis with 
cyanobacteria. Thus, in case the selected strain 
for producing H2 is a cyanobacteria, the bio-
mass production step could be carried out in 
the open photobioreactor and the subsequent 
H2 evolving step in the closed tubular system 
(Fig. 13.1a). To that end, if tubular technology 
were used in the H2 production step not even a 
O2-free airstream can be used for degassing as 
both enzymes [Ni-Fe] hydrogenase and nitro-
genase (depending on the cyanobacteria used) 
are inhibited by any nitrogen source. Any N2 
could be assimilated through the heterocysts of 
the cyanobacteria. Therefore, when using the 
tubular technology with cyanobacteria in this 
step, the centrifugal pump employed to drive 
the culture through the circuit would also 
have to be used to transport, coalesce and sepa-
rate the H2 bubbles that would gather in the 
upper part of the tubes and collect them in 
the degasser. H2 removal in these conditions 
can be further favoured by a partial vacuum 
established to this purpose in the headspace of 
the degasser. On the other hand, the schemes 
proposed in Fig. 13.1a, b, could be used for 
producing H2 by a photo- fermentative process 
of the biomass produced in the open raceway 
by using PNS bacteria to degrade the organic 
material (i.e., biomass coming from the open 
raceway) in the enclosed photobioreactors. 
Therefore, according with the photosynthetic 
microorganism used, the scheme of Fig. 13.1 
might be used for producing H2 by means of 
both photolytic and photofermentative routes. 
The number of modules required will depend 
on the biomass productivity of the first step. 
Details about how estimate them depending on 
the microorganism and technology used in 
this second step are described later (see scale 

up section for each type of technology). Finally, 
the depleted biomass can be used as a feed-
stock for biofuel. Depending on the down-
stream process chosen for this biomass 
(thermochemical, anaerobic digestion, direct 
transesterification, etc.) the characteristics of 
the produced biofuel will be different (bio-oil, 
biogas, biodiesel, etc.).

Regardless the photobioreactor used in 
either the first step of biomass production 
or in the hydrogen production phase, the 
 photobioreactor must be designed and oper-
ated to meet the optimal conditions required 
for the microalgal strain in each phase of the 
process, making clear how important is to 
know what the main factor determining 
growth rate either phase are.

III. Major Factors Impacting on 
Photobioreactor Performance

Microalgae, like all living microorganisms, 
require the proper conditions to grow. The 
best the culture conditions the higher the 
growth rate and productivity obtained. Thus, 
the pH, temperature and culture medium 
must be those appropriate for the microal-
gae. The mineral culture medium can be eas-
ily supplied so as to not limit the growth; 
however, the correct  supply of light requires 
a deep analysis due to its different nature 
with respect to mineral nutrients. In the same 
way, CO2 must be supplied to meet the car-
bon demand and maintain the proper pH in 
the culture. At the same time, the assimila-
tion of CO2 provokes the consumption of 
water and the generation of oxygen that must 
be removed. This consequently impacts the 
required mass transfer capacity of the cul-
ture system. In addition, the power supply to 
maintain the cells in suspension and reduce 
light and nutrient gradients within the cul-
ture must be considered, keeping in mind that 
inadequate fluid dynamics can have 
 deleterious effects on fragile microalgal 
cells. Finally the control of temperature is 
mandatory to ensure the optimal temperature 
to grow and also to prevent overheating.

13 Photobioreactors for Hydrogen Production
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Fig. 13.1. Conceptual scheme of an integrated, microalgae-based, continuous two-step process for H2 production 
with tubular PBR (a) or flat plate reactor (b). The biomass from the raceway reactor of the first step is harvested 
by centrifugation. The daily harvested slurry is then transferred to the appropriate culture medium and drove 
to the closed reactors by centrifugal pumps. The H2 produced is stripped by bubbling in the degasser an in situ 
prepared O2-free airflow (bubble column or the entire culture, for tubular PBR or flat plate reactor, respectively). 
Upon separated the H2 from the rest of gases, mainly N2 and a small amount of CO2, the O2-free gas is recycled. 
Finally the depleted biomass can be used for additional biofuels. The most appropriate technology to use in the H2 
production step (flat plate or tubular) and culture medium are depending of the microorganism used for produc-
ing H2. For details about the selection of technology, culture media, procedures for producing the O2-free airflow 
and downstream processing possibilities for the depleted biomass (see text).
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Figure 13.2 shows the main factors impacting 
on biomass productivity and their relationships, 
whatever the outdoor photobioreactor used 
(open or closed). Light availability inside the 
photobioreactor and temperature have been 
found to be the main factors determining opti-
mum system performances (Molina Grima 
1999). Thus, when the temperature of the cul-
ture is kept within an appropriate interval, light 
 availability is the only factor limiting growth. 
The productivity is determined by the growth 
rate (μ) and the biomass concentration (Cb), 
which is a function of the light distribution inside 
the photobioreactor and the light regime at 
which the cells are subjected. Once this function 
is known, it is possible to obtain a correlation 
between biomass productivity and the average 
irradiance within the reactor (Acién-Fernández 
et al. 1998). On the other hand, average irradi-
ance within the reactor is a function of the irradi-
ance impinging on the reactor surface (Io), which 

comes as a consequence of the geographic and 
environmental factors (Acién-Fernández et al. 
1997, 2012). The geographic location and day of 
the year determine the solar incident radiation 
and therefore the temperature in the culture. 
While temperature can be kept within a narrow 
interval by using suitable thermostatic systems, 
solar  radiation cannot be controlled.

The incident solar radiation, which is a 
function of climatic and geographic parame-
ters of the facility location (Incropera and 
Thomas 1978), as well as the design and ori-
entation of the photobioreactor (Lee and Low 
1992; Qiang and Richmond 1996; Sierra 
et al. 2008), determines the maximum energy 
available for growth. The incident solar radia-
tion is attenuated inside the  photobioreactor 
in a way that depends on the geometry, the 
biomass concentration and the optical prop-
erties of the biomass. Thus, a heterogeneous 
light distribution always takes place inside 

Fig. 13.2. Relationships between the major factors influencing biomass productivity of microalgal mass cultures. 
Incident irradiance (Io) promotes microalgal growth. The biomass productivity (Pb) is the result of multiplying 
biomass concentration (Cb) by the specific growth rate (μ), which is a function of light availability (calculated as 
average irradiance Iav). In continuous cultures, the dilution rate (D) equals μ in steady state (Adapted from Molina 
1999 and Molina et al. 2010).

13 Photobioreactors for Hydrogen Production



298

dense microalgal cultures (Molina Grima 
et al. 1994; Acién-Fernández et al. 1997). The 
light availability or average irradiance inside 
the culture can be  calculated by a volumetric 
integration of the irradiance  profile. The cell 
metabolism adapts to this light availability 
and so does the  biochemical composition and 
growth rate (Acién-Fernández et al. 1998). 
On the other hand, the photobioreactor fluid 
dynamics also determine the mass transfer 
and the light regime of the cells. The latter is 
the result of the distribution of residence 
times between light and dark zones (Phillips 
and Myers 1954; Terry 1986; Grobbelaar 
1994). This light regime affects the photosyn-
thetic efficiency of the cultures, modulating 
the use of the available light calculated as 
averaged irradiance (Iav). High mixing favours 
an adequate light regime and thus an efficient 
use of light although the mixing power sup-
plied to the cultures must not reach intensities 
that can damage the individual cells by hydro-
dynamic stress.

The biomass concentration is influenced 
by the growth rate. Biomass accumulation is 
the result of a mass balance between biomass 
generation (μ) and the output rate that can be 
expressed as a dilution rate (D) in continuous 
or semicontinuous cultures. Both, growth 
rate and biomass concentration, determine 
the final biomass productivity of the system. 
Thus, in an optimum system where there are 
no limitations other than light, a direct inter-
relationship between light availability, rate 
of photosynthesis and productivity may be 
expected. In fact, it seems that other limita-
tions do not only limit growth through their 
direct effect, but also impose a limitation 
on the ability to utilize the absorbed solar 
energy. Therefore, in the end the most impor-
tant design criterion will be to enhance the 
light availability per cell and consequently 
high efficiency in transforming the sunlight 
reaching the culture.

IV. Principles for Photobioreactors 
Design and Scale Up

According with the envisioned scheme of 
Fig. 13.1, for the hydrogen production step, 
a PBR with high surface to volume ratio 

is mandatory to obtain high cell densities, 
maximum interception of light per unit of 
occupied area, a good light distribution 
within the reactor and an efficient H2 removal 
to overcome product inhibition (Akkerman 
et al. 2002; Posten 2009). Flat plate reactors 
(FPRs), alveolar plate reactors and tubular 
reactors may provide such a high surface to 
volume ratios. These culture systems may 
provide the requested mass transfer capabili-
ties for stripping the dissolved H2 from the 
culture and maintain the temperature of the 
culture within acceptable limits. This section 
describes the basic principles for designing 
both the open raceway (RWs), to be used for 
the preparation of the inocula, and closed 
reactors needed in the scale up of a process 
for photobiological production of hydrogen 
with microalgae.

A. Open Raceway (RW) Reactor

The principles for the design and construc-
tion of shallow paddle-stirred raceways for 
large microalgal production (Oswald and 
Golueke 1968) were reviewed by Oswald 
(1988) and recently have been updated by 
Chisti (2013) and Acién-Fernández et al. 
(2013). A theoretical approach to model-
ling microalgae growth in raceway reac-
tors, taking into account the biological and 
hydrodynamic phenomena occurring in the 
reactor, has recently been reported (James 
and Boriah 2010). A photograph of an open 
100 m2 set- up at the authors’ facility is 
showing in Fig. 13.3.

Selection of a suitable bottom lining and 
wall construction are important to the suc-
cess of the open pond. The lining may be 
made of concrete, sheets of plastic or rub-
ber material. The stirring is accomplished 
with one paddle wheel per pond to match 
the designed liquid depth for the raceway. 
The presence of deflectors in the bends also 
improves the performance of the RW by 
enhancing the liquid velocity and reducing 
the power consumption for the same liquid 
velocity. Recently the use of asymmetric 
islands to minimize existence of dead zones 
in the bend areas and maximize the energy 
yield has also been reported (Chisti 2013). 
A wheel of large diameter (ca. 2.0 m in 
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 diameter) revolving slowly (e.g. 10 rpm) is 
 preferable to smaller diameter wheels that 
have to rotate faster and produce excessive 
shear damage and foam. Under these condi-
tions biomass concentrations of up to 
1.0 g · L−1 and productivities of 0.1 g · L−1 · d−1 
are possible. The two major technical issues 
to keep in mind at the time of designing an 
open RW are related to the poor gas-liquid 
mass transfer and mixing capability of the 
current industrial scale reactors which have a 
great impact in RW performance.

1. Mass Transfer. The Supply of Carbon 
Dioxide and the Removal of Oxygen  
in an Open RW

Several systems have been developed to sup-
ply CO2 efficiently to shallow suspensions. In 
most cases the gas is supplied in form of fine 
bubbles. Due to the shallowness of the suspen-
sion the residence time of the bubbles is not 
sufficient for the CO2 to dissolve and a signifi-
cant part of the CO2 supplied is lost to the 
atmosphere. For this reason, raceway reactors 
are frequently equipped with devices such 
as sumps or mixing columns to increase the 
gas/liquid contact time (Azov and Shelef 1982; 
Weissman and Goebel 1987; Weissman et al. 
1988; Doucha et al. 2005; Moheimani and 
Borowitzka 2007; Park and Craggs 2010; Park 
et al. 2011; Putt et al. 2011). An arrangement 
 frequently used to attain this is to install a 
baffle dividing vertically the sump in two 
sections of ascending and descending liquid 

(Fig. 13.3b). In this sump configuration the 
culture velocity in the descending section can 
be adjusted to match the ascension of the small 
CO2 bubbles. Using this technique, Laws et al. 
(1986) reported a 70 % efficiency in CO2 
transfer, a large improvement compared with 
the 13–20 % efficiency obtained when gas is 
injected in the shallow channel. The use of 
sumps is the simplest way to improve carbon-
ation in raceways because they can be easily 
incorporated in the  channels and do not need 
an external energy supply. However, we have 
carried out experiments with and without baf-
fle with the  raceway pond shown in Fig. 13.3a, 
and the usefulness of introducing a baffle into 
the sump is questionable. There was a slight 
increase of the mass transfer capacity in the 
sump in the experiment at the expense of 
increased power consumption and a reduction 
in the culture velocity and the mixing degree 
in the system. In the authors’ opinion the sump 
configuration with baffle for the counter-cur-
rent injection of CO2 should be considered as a 
serious disadvantage. The CO2 transfer under 
both sump configurations was tested in the 
same experimental set up and similar CO2 
uptake efficiencies in the sump were achieved 
(>95 %).

On the other hand, oxygen desorption has 
been usually disregarded in the design of 
these type of photobioreactors. Thus, oxygen 
removal is performed through the culture 
surface the mass transfer coefficient being 
extremely low and oxygen accumulating 
into the culture (Jiménez et al. 2003). It has 

a b

Fig. 13.3. Image of an open 100 m2 raceway set-up at the authors’ facilities (a), and scheme of the sump con-
figurations tested (b). The channel length is the distance travelled by the culture from the discharge side of the 
paddle wheel to the entering side.
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been previously reported that, in large ponds 
with small water circulation and turbulence, 
O2 concentration may reach concentrations 
as high as 500 % saturation, inhibiting 
 photosynthesis and growth, and eventually 
leading to culture death (Vonshak 1997).

The mass transfer capacity of the system 
(i.e., Kla coefficient) and mixing (given by 
both mixing time and dispersion coefficient) 
are key parameters to be considered in the 
proper design of a raceway system for CO2 
supplying and for removal of the photosyn-
thetic oxygen generated. As the oxygen gen-
eration rate is about 1.3–1.4 g O2 per gram of 
biomass and that the CO2 consumption rate 
is roughly 2 g per gram of biomass produced, 
the minimum Kla values which would be 
requested for satisfying an appropriate mass 
transfer capacity in a raceway are much 
higher (one order of magnitude greater) than 
those currently provided in the existing 
industrial raceway reactors. Taking into 
account that, it makes no sense to supply 
CO2 in the channel because in this zone the 
mass transfer capacity is virtually zero, the 
only zone available for CO2 supplying is 
the  sump. On the other hand, for O2 degas-
sing the available zones are the sump and the 
zone of the paddle wheel. Nonetheless, the 
only practical way to increase the O2 removal, 
for a determined paddle wheel configuration 
rotating at a specific frequency, is by increas-
ing the relative volume of the sump with 
respect the total volume of the raceway and 
by increasing the depth of the sump.

2. Mixing and Power Consumption

The evolution of the open culture technology 
is the consequence of the development of the 
mixing systems that have been designed in 
the time. Mixing is necessary in order to pre-
vent the cells from settling and sticking to 
the bottom and to avoid thermal stratifica-
tion of the culture. Mixing is of paramount 
importance since it is directly linked to 
other key parameters (Fig. 13.2). Mixing 
determines the light-dark cycling frequency, 
improves the mass transfer capability of the 
culture system, reduces the mutual shading 

between cells and decreases the potential 
photoinhibition effect at the pond surface. 
Properly designed paddle wheels are by far 
the most efficient and durable pond mixers. 
They discharge all of the culture entering the 
system and are thus highly efficient. With 
reference to Fig. 13.3a, the design is based in 
a culture flowing at depth d in a channel with 
finite width, w, and unspecified length, 
L.  Water depth (d) is maximum just after the 
discharge side of paddlewheel and minimum 
in the entering side. This depth reduction (Δd), 
termed head loss or depth change, determines 
the rate of energy that must be provided to 
maintain circulation at the chosen velocity. 
The head losses (energy dissipation) depend 
on: (i) flow around the two 180° curves (bend 
losses) and (ii) the friction with the surface 
(side wall and bottom). The head losses as 
water flows in bends is calculated by (Acién-
Fernández et al. 2013):

 
∆ •

d
k v

gb =
2

2  
(13.1)

where v is the mean velocity (ms−1); g the 
acceleration of gravity (9.8 ms−2) and k is 
the kinetic loss coefficient for each bend. 
Similarly, the channel and wall friction loss, 
Δdc, can be calculated by (Acién-Fernández 
et al. 2013):
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where n is the roughness factor; R (m) is the 
channel hydraulic radius: R = 4w·d/(w + 2d) and 
L the length of the channel (m). The total head 
loss or change in depth is Δd = Δdb + Δdc. The 
channel length, L, that corresponds to the cal-
culated head losses for a given friction factor 
and a culture velocity (v) is given as Eq. (13.3):
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where n is the Manning friction factor 
(s · m−1/3), L is the channel length that corre-
sponds to the head loss (Δd) and w is the 
channel width. The value of n varies  according 
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to the relative roughness of the channel. 
Experimentally determined n values in algae 
growth channels vary from 0.008 to 0.030, 
the former for smooth plastic-lined channels 
and the latter for relatively rough earth. The 
channel velocity, v, impacts on the paddle 
wheel’s power requirements, calculated as:

 
P

Q g d= • • • ∆r
h  

(13.4)

where P is the power (kW); Q the culture 
flow rate in motion (m3 s−1); ρ is the specific 
weight of culture (kg · m−3); g is the gravita-
tional acceleration (m s−2); Δd is the change 
in depth generated in the paddle wheel (m) 
and η is the efficiency of the paddle wheel, 
which usually is about 0.2. Because Δd is a 
function of v2, the power consumption, P, 
increases as the cube of velocity. It is 
 therefore worthwhile to minimize velocity 
whenever energy is a major cost factor. 
Typical values of flow rates range between 
15 and 30 cm · s−1, whereas the power supply 
is around 2–4 W · m−3. Velocities greater than 
30 cm · s−1 will result in large values of Δd in 
long channels and may require high channel 
walls and higher divider walls.

The mixing time reduces when liquid 
velocity through the system increases and 
the channel length-to-width ratio (L/w) 
decreases. For the system shown in Fig. 13.3a 
this L/w ratio is about 100 and the mixing 
time is about 2 h, when no baffle is inserted, 
or about 5 h when the baffle is inserted in the 
sump (Acién-Fernández et al. 2013). A more 
accurate quantification of mixing in the dif-
ferent zones of the raceway can be achieve 
by measuring the Bodenstein number (Bo) 
which is related to the dispersion coefficient 
(Dz) by (Verlaan et al. 1989):
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where Lsection represents the length of each 
zone within the reactor (channel, sump, pad-
dlewheel and bends). As a rule of thumb, 
when Bo is ≤ 20 (i.e., high  dispersion 
coefficient) the mixing pattern in that 

 raceway zone is a perfect mixing and when 
Bo is ≥100 the pattern corresponds to a plug 
flow. Overall, in an industrial raceway pond 
with a length to width ratio over  50, the 
sump, paddle wheel and bends shows a com-
plete mix pattern and in the channel how-
ever the pattern corresponds to a completely 
plug flow.

3. Scale-Up of Raceway Reactors

Reactor scale-up is based on reactor surface 
area rather than volume. An open RW facil-
ity capable of providing the necessary bio-
mass for the H2 production step (closed PBR 
described in Fig. 13.1) will require the RW 
facility running in continuous or semicon-
tinuous mode (the biomass productivity in 
continuous mode is at least 2.3 times greater 
than in batch mode, and generally about five 
times greater). The question to solve in the 
scale up is to calculate the land demand of a 
RW facility and the number of raceway units 
needed for producing M tonnes of biomass 
(dry weight) per year of a specific microal-
gae. The tools for designing this facility are 
described next.

The growth rate of the strain can be calcu-
lated by Eq. (13.6) (Molina Grima et al. 1994).
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In Eq. (13.6), the maximum specific growth 
rate, μmax, the light saturation constant, Ik, and 
the shape parameter, n, are kinetic parameters 
which are species specific and must be deter-
mined experimentally. In Eq. (13.6), Iav repre-
sents the average irradiance within the raceway 
that can be estimated by:

I
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Equation (13.7) is a simplified model to 
calculate Iav. This model is suitable for any 
combination of disperse and direct light as 
long as it is impinging uniformly on the 
reactor surface (Molina Grima et al. 1996; 
Acién-Fernández et al. 1997). According to 
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this model, the average irradiance, Iav, is a 
function of the irradiance measured on the 
reactor surface, Io, the extinction coefficient 
of the biomass, Ka, the optical light path 
(depth of the culture), d, and the biomass 
concentration in the culture, Cb.

The average volumetric biomass produc-
tivity (g L−1 d−1) all year long in a continuous, 
or semicontinuous, culture is determined by:

 P D Cbv b= •  (13.8)

where D is the average dilution rate all 
through the year (d−1) and Cb the average bio-
mass concentration during the year (g L−1). 
As a rule of thumb, D is about 40 % the max-
imum specific growth rate of the strain and 
ranges between 0.2 and 0.5 d−1 for winter and 
summer time, respectively (Acién-Fernández 
et al. 2013). From Eq. (13.8), it is possible to 
calculate the areal productivity Pba, taking 
into account the volume to surface ratio of 
the culture system.
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The V/S ratio is a function strongly depen-
dent on the culture depth, d, and ranges 
between 150 and 250 L m−2 for depths of the 
culture in the raceway fluctuating between 
15 and 25 cm, respectively. On the other 
hand, the land demand S (m2) i.e., the mix-
able area of raceway, for producing the M 
tonnes of biomass a year is related to Pba by 
means of:
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Note that, for a finite value of the channel 
width, w, the permissible mixing channel 
length, L, and thus the mixable area, S = L w, 
is a function strongly dependent on depth, d. 
From Eq. (13.10), we can determine the 
number of raceway units needed, taking into 
account that the optimal mixable surface of 
raceway should not exceed 0.5 ha and that, 
as a rule, the typical permissible length 
(Eq. 13.3) to raceway width ratio (L/w) is 
about 30–50.

B. Closed Photobioreactors

A completely sealed photobioreactor is 
needed in the H2 production phase. The two 
technologies already tested at lab scale, which 
may be useful in this step are the flat panel 
and the tubular systems. These reactors meet 
a set of conditions: (1) low optical path, i.e., a 
high surface to volume ratio (S/V), so that the 
average irradiance within the culture is high; 
(2) high biomass concentrations (around 
1 g L−1), which may provide a chlorophyll 
content of about 20–30 mg chl a L−1, which 
facilitates the use of the maximum number of 
photons (direct and diffuse light) impinging 
on the reactor surface; and (3) these reactors 
can be easily implemented with a proper 
degassing system in order to remove all the 
produced H2 and, at the same time, to main-
tain the appropriate fluid- dynamic conditions 
to enhance the mass transfer and light distri-
bution within the reactor.

In both photobioreactors the H2 produced 
can be stripped out of the reactor by maintain 
a partial vacuum (roughly −4 kPa) (Giannelli 
et al. 2009) in the headspace (upper part) of 
the flat panel or the headspace of the degasser 
(bubble column) in the tubular photobioreac-
tor, respectively. In these conditions, the cul-
ture is oversaturated and close to cause 
bubbles of pure H2 forming in the culture. 
However, the H2 can be kept under saturating 
concentrations by stripping it with O2−free-
air flow bubbled through the reactor in the 
case of flat panel, which also provides mix-
ing and allows working at the proper fluid 
dynamics conditions within the culture; or 
through the bubble  column (degasser sys-
tem) in the case of the tubular technology. 
This O2-free gas can be obtained by bubbling 
air through a sulphite solution before enter-
ing to the PBR. The sodium sulphite is oxi-
dized to sodium sulphate by the O2. The 
concentration of sodium sulphite in the 
absorber should never be below 0.5 M. This 
guarantees a O2-free airflow in the gas leav-
ing the O2 absorption column (Camacho 
Rubio et al. 1991, 1999), that can be used for 
removal the H2 produced in the closed 
photobioreactor.
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The hydrogen desorption capacity, NH2, is 
calculated as a function of the volume of the 
mass transfer unit, Vmt, (i.e., the entire culture 
volume in the case of flat panel, or the culture 
volume contained inside the degassing bub-
ble column in the case of tubular reactors), 
the volumetric mass transfer coefficient, 
Klal,H2, and the driving force for hydrogen 
desorption. The latter is calculated as the dif-
ference between dissolved  hydrogen in the 
culture, [H2] and the dissolved  hydrogen in 
equilibrium with the gas phase which is in 
contact with the liquid, [H2*], i.e., oxygen-
free air (Eq. 13.11). The dissolved hydrogen 
concentration in equilibrium with gas phase 
is calculated according to Henry’s law for 
diluted gases under ideal conditions, as a 
function of Henry’s constant HH2; total pres-
sure, PT, and the molar fraction of hydrogen 
in the gas phase, yH2 (Eq. 13.12).
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 H H P yH T H2 2 2
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The molar fraction of H2 in air is 1.0 · 10−4, 
then the hydrogen molar fraction in O2-free 
air, yH2, is 1.25 · 10−4, whereas the molar frac-
tion of hydrogen in pure hydrogen gas is 
1.00. Considering that the Henry’s law con-
stant for HH2 is 8.50 10−4 mol L−1 · atm−1, at 
25 °C, it is possible to determine the required 
value of the mass transfer coefficient to strip 
the dissolved H2 accumulated in the culture 
as a function of hydrogen productivity and 
hydrogen concentrations in the liquid and 
gas phase (Eq. 13.11). Table 13.1 shows the 
calculated Klal values needed for the desorp-
tion of H2 by using an O2-free airflow 
(yH2−1.25 · 10−4), for selected H2 production 

Table 13.1. Mass transfer coefficient required for the stripping out of the H2 produced as a function of hydrogen 
production rates (rH2) reported.

Microorganism PBR type
Reported H2  
production rate

Calculated 
production 
rate (rH2) 
(molH2/L · h) Kla (1/h) References

Green alga Tubular 110 L 0.62 ml/L · h 2.77E-05 0.90 Giannelli and Torzillo 
(2012)C. reinhardtii

Green alga Benchtop n.a. 200 mmol/gchla · h 2.00E-03 2.35 Winkler et al. (2002)

C. reinhardtii
Green alga Benchtop n.a. 13 ml/L · h 5.80E-04 0.68 Laurinavichene et al. 

(2006)C. reinhardtii
Green alga Benchtop n.a. 150 mmol/gchla · h 1.50E-03 1.76 Florin et al. (2001)

S. obliquus
Cyanobacterium Benchtop helical 

reactor ~ 2 L
167.6 mmol/gchla · h 1.68E-03 1.97 Sveshnikov et al. (1997)

A. variabilis
Cyanobacterium Benchtop flat 

plate, 2 cm
4.1 L/kg · h 1.83E-04 0.22 Yoon et al. (2006)

A. variabilis
Cyanobacterium Benchtop flat 

plate, 4 cm 
width

0.45 L/kg · h 2.01E-05 0.02 Yoon et al. (2006)

A. variabilis

Cyanobacterium Benchtop Flat 
plate, 2 cm 
width

5.6 L/kg · h 2.50E-04 0.29 Berberoglu et al. (2008)

A. variabilis

PNS bacterium Tubular 50 L 27.2 ml/L · h 1.21E-03 35.72 Adessi et al. (2012)

Rp. palustris
PNS bacterium Benchtop Flat 

plate
5.9 mol/kg · h 5.90E-03 6.94 Sasikala et al. (1991)

Rb. spharoides

Mass transfer capacity required has been calculated considering that O2-free air is bubbled into the culture to remove 
hydrogen ([H2*] = 1.06 · 10−7 mol/L) and that the culture become saturated with pure hydrogen ([H2]sat = 8.50 · 10−4 mol/L)
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rates, rH2, reported, considering that the liq-
uid become saturated in equilibrium with 
pure hydrogen. These values are easy to 
achieve in flat panels, and feasible with more 
difficulty in tubular reactors
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1. Flat Panels

Flat panels are transparent plates joined 
close together so that they contain the cul-
ture, Thus, they can be illuminated by one 
or both sides and stirred by bubbling the O2- 
free airflow. The dimensions of flat pan-
els are variable but a height under 1.5 m and 
a separation between plates shorter than 
0.10 m are preferred, to avoid the use of high 
mechanical resistance materials (Fig. 13.4).

Pulz and Scheibenbogen (1998) used flat 
panels with inner walls arranged to promote 
an ordered horizontal culture flow that was 
forced by a mechanical pump (Fig. 13.4). The 
most innovative aspect of the commercially 
available Pulz’s reactor was that several 
 parallel plates were packed together; close 
enough to attain up to 6 m3 of culture volume 
on 100 m2 of land, which at the same time 
improves the dilution of light, with a total 
illuminated culture surface of ca. 500 m2. 
This flat alveolar reactor has no gas head-
space and the entire volume of the panel is 
filled with the culture. The research of Hu 
et al. (1996) resulted in a type of flat plate 
reactor made of glass sheets, glued together 
with silicon rubber to make flat vessels. This 
simple methodology for the construction of 
glass reactors provided the opportunity to 
easily build up reactors with any desired 
light-path. Doucha et al. (1996) described an 
optimized large-scale flat plate photobioreac-
tor module of 1,000 m2. Recently, a new 
design of vertical flat panel photobioreactor 
consisting of a plastic bag located between 
two iron frames has been proposed (Rodolfi 
et al. 2009); this brings a substantial cost 
reduction to this type of reactors but the 

 system is not completely sealed as it is 
required for H2 production. The O2-free aera-
tion is done through a PVC plastic tube per-
forated to provide minute holes of about 
1 mm. A separate degasser must be used in 
the case of the alveolar flat plate reactor. The 
cooling system is a heat exchanger inserted 
in the reactor. The mass transfer, mixing and 
heat transport capacities in flat panel reactors 
are usually very good. The main advantages 
of this reactor type are the low power con-
sumption (roughly 50 W m−3) and the high 
mass transfer capacity (Kllal = 25 h−1). The 
major technical issues in designing and build-
ing up this type of reactors are (1) the panel 
orientation and light path depth, (2) the O2-
free aeration rate for both maintaining the 
proper fluid-dynamic and removal of H2, and 
its impact on power supply, mass transfer and 
mixing; and (3) the temperature control.

a. Panel Orientation and Light Path Depth

The solar radiation intercepted may vary sig-
nificantly with orientation and position. For 
latitudes above 35°N the east-faced/west- 
faced orientation are favourable to north/
south, the higher the latitude the higher the 
increase in the solar radiation intercepted. 
On the contrary, for latitudes under 35°N 
the north/south-orientated reactors intercept 
more radiation and the difference is more 
pronounced the closer to the equator (Acién-
Fernández et al. 2013). The position of the 
reactor also influenced the type of radiation 
intercepted. In vertical panel PBR the pro-
portion of disperse radiation is dominant 
(Qiang et al. 1996; García Camacho et al. 
1999). Vertically arranged flat panels inter-
cept less solar radiation than inclined flat 
panels but have the advantage of less cost 
and overheating. The vertical arrangement 
allows reducing solar radiation peaks at noon 
increasing the interception of solar radiation 
in the morning and afternoon. Moreover, the 
vertical arrangement also shows an improved 
interception of solar radiation in winter 
with respect to summer (Sierra et al. 2008). 
Disperse radiation has been consistently 
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Fig. 13.4. Image of an alveolar flat plate photobioreactor field (a) (Courtesy of Dr. O. Pulz, IGV GmbH, Nuthetal, 
Germany). Detail shows the horizontal channels through which the culture is circulated. Below. (b) Is a scheme 
of a non-alveolar flat plate reactor in which the appropriate fluid-dynamic conditions are provided by bubbling 
O2−free airflow at the bottom contributing, at the same time, to strip out the dissolved hydrogen produced.
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reported to be more efficient for microalgal 
cultures. Indeed, the photosynthetic effi-
ciency of vertical photobioreactors has 
resulted higher than optimal-tilt reactors, 
reaching values of 20 % (Qiang et al. 1996). 
This is due to the fact that low irradiance lev-
els normally result in higher photosynthetic 
efficiencies; this is, when cells are growing 
under irradiance levels far from saturating 
light assimilation is more efficient. This can 
be accomplished by increasing the light- 
receiving surface of photobioreactor per 
square meter of occupied land, a technique 
usually referred to as “dilution” of light.

With respect to the panel depth, to main-
tain average irradiances over 100 μE · m−2 · s−1 
in flat panels while maintaining a cell density 
about 1 g L−1 the panel depth should be below 
7 cm (typically 4−6 cm) in order to achieve 
chlorophyll concentrations in the range of 
20–30 mg chl a L−1 for an increased light-to-
 H2 conversion efficiency.

b. O2-Free Aeration Rate and Its Impact on 
Power Supply, Mass Transfer and Mixing

The power input per volume unit due to aera-
tion, PG/VL, in a flat panel reactor is a func-
tion of aeration rate, the density of the liquid, 
ρL and the gravitational acceleration, g and 
can be calculated:
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where UG is the superficial gas velocity in the 
O2-free aerated zone. UG is easily derived 
from the O2-free airflow rate, in v/v/m, multi-
plying this by the total volume of the culture 
and dividing by the cross-sectional area of the 
aerated zone. The power supply also impacts 
on the mass transfer capacity of the flat panel 
reactor according to the following equation:
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Note that, in spite of the low power  supply 
used, the volumetric mass transfer  coefficient 
Klal reached values of about 25 h−1, enough to 

avoid dissolved hydrogen accumulation with 
O2-free air (Table 13.1). This mass transfer 
capacity in the flat panel photobioreactor can 
be attained with a power supply of 50 W m−3. 
The low power supply requirement and the 
relatively high mass transfer capacity are 
important advantages of the flat panel photo-
bioreactor because of the sensitivity to stress 
caused by intense turbulence that show many 
microalgal strains. In addition to mass trans-
fer capacity, the power supply also deter-
mines the mixing time inside the rector. In 
the range of typical aeration rates: 0.05–
0.35 v/v/min (i.e., power supply between 5 
and 55 W m−3) the complete mixing in the flat 
panel photobioreactor ranged between 150 
and 100 s, much lower than those obtained in 
tubular systems and open raceway.

In the case of alveolar panel reactor, the 
culture is forced to circulate through the 
internal channels by means of a centrifugal 
pump. In these systems, thus, there is no 
headspace in the reactor body and the supply 
of O2-free gas has to be carried out in an aux-
iliary degasser connected to the reactor body, 
in a similar implementation as in tubular 
technology. Therefore the assessment of the 
power consumption, mass transfer and mix-
ing is analogous to tubular technology.

c. Temperature Control

Flat panels can be cooled by water spray or 
alternatively by using internal heat exchang-
ers. According to the authors’ experience, the 
cooling capacity of spray systems is limited 
and its application is only possible under cer-
tain environmental conditions (temperature, 
humidity, etc.). Most times the use of a heat 
exchanger is needed. The reduction of solar 
radiation interception in the vertical arrange-
ment also allows reducing the overheating of 
the cultures at noon, thus reducing the require-
ments of cooling. In any case, the heat trans-
port capacities in flat panel reactors are usually 
very good. The values of the heat transfer 
coefficient in these systems range from 300 to 
1,000 W · m−2 · K (Sierra et al. 2008).

The design of the tubular heat exchanger 
can be done from the following heat balance:
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where the left hand side of the equation 
 represents the heat flow gained by the cool-
ing water passing through the internal side 
of the heat exchanger, and the right hand 
side represents the heat lost by the cul-
ture and  transferred to the cooling water. U 
is the global heat exchanger coefficient 
(W m−2 °C−1) and A is the external surface of 
the heat exchanger.

d. Scale-Up of Flat Panels

According to the conceptual scheme of 
Fig. 13.1, the scale-up of the number of flat 
panel modules for the second step of H2 pro-
duction, is based on the M Tn year−1 pro-
duced in the scale up performed for the first 
step (biomass production). Thus, the daily 
M/365 tonnes of biomass produced in the 
open RW must be re-suspended in the proper 
medium so that the resulting biomass con-
centration is over 1 g L−1 (i.e., sulphate free-
Tris- acetate-phosphate medium (TPA-S) for 
C. reinhardtii; Nitrogen free-Allen-Arnon 
medium (and no aeration) for the cyanobac-
teria Anabaena variabilis). This dense cul-
ture (about 1 g L−1), along with the large 
surface to volume ratio (optical path of about 
3−7 cm) would allow a good use of the solar 
radiation. This means that the volume of flat 
panel reactor (m3) should be about 2.74·M. 
By taking into account that the volume of 
one module is 0.1875 m3 (2.5 m length, 
1.5 m high, 0.05 m width), the number of 
modules needed for culturing the daily bio-
mass produced in the first step is 14.6 M. 
(~15·M).

Bearing in mind that the H2 production 
phase last about 4 days in the case of C. rein-
hardtii, and 7 days in the case of cyanobacte-
ria or PNS bacteria, the total amount of 
modules needed are 4 × 14.6 M or 7 × 14.6 M 
(rounding up to 60·M and 100·M respec-
tively). Finally, the land demand required can 
be estimated by using, as rule of thumb, that 

the distance between a row of modules and 
others should be about 0-75-1.00 m.

Note that the use of O2-free aeration for 
flat panel reactors, according to the scheme 
shown in Fig. 13.1, is restricted to the H2 
production by using green microalgae that 
requires anoxygenic conditions in the second 
step, i.e., the absence of oxygen from the 
algal environment. Green algae use the iron 
[Fe-Fe]-hydrogenase that catalyzes both the 
production and the consumption of hydrogen 
through the reversible reaction:

 2 2 2H e H+ −+ ↔ .  

The rate at which the [Fe-Fe]-hydrogenase 
catalyzes the production of H2 decreases sig-
nificantly with increasing partial pressure of 
H2, and hence the need of removing the dis-
solved H2 by bubbling a stream of O2-free 
gas and to maintain a slightly negative 
 pressure (about −4kPa). On the other hand, 
aerated flat panel technology is not the tech-
nology of choice when using cyanobacte-
ria or PNS bacteria in the H2 production 
step. Cyanobacteria use either [Ni-Fe]-
hydrogenase or nitrogenase (the latter is the 
enzyme used by PNS bacteria) and both, 
nitrogen-fixing cyanobacteria and PNS bac-
teria, in order to produce hydrogen require 
the absence of nitrogen sources (N2, NO3

− or 
NH4

+) in addition to anaerobic conditions. 
Therefore, since in the flat panel technology 
is mixed by a O2-free air stream to keep the 
proper fluid dynamics conditions, the pres-
ence of N2 would inhibit the nitrogenase 
(if using PNS bacteria), or both [Ni-Fe]-
hydrogenase or nitrogenase, depending on 
the cyanobacterium used in the second step. 
In the case of a flat panel with internal chan-
nels through which the culture is circulated 
by means of a centrifugal pump, it would be 
possible the use of cyanobacteria or PNS 
bacteria in them, as is done with the tubular 
reactors.
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2. Tubular Photobioreactors

Tubular photobioreactors are the most 
widely used closed systems for the produc-
tion of microalgae. They consist of a solar 
collector made of tubes, a degasser unit 
which usually is a bubble column and a 
pump for the culture impulsion. A concep-
tual fence configuration tubular photobiore-
actor, as those existing in authors’ facilities, 
is shown in Fig. 13.5.

The pump circulates the culture through 
the solar collector tubing where most of the 
photosynthesis, or the photofermentative 
process, occurs. The H2 produced by photo-
fermentation or photosynthesis is accumu-
lated in the broth (as well as pure H2 bubbles 
in the upper part of the tube when the dis-
solved H2 concentration exceeds the satura-
tion value) until the fluid returns to the 
degasser zone (bubble column), where the 
accumulated hydrogen is stripped by a coun-
ter current O2-free airflow. A gas-liquid sep-
arator in the upper part of the bubble column 
prevents the H2 bubbles from being recircu-
lated into the solar collector. The major 
drawback of this technology is the high 
power consumption used for the impulsion 
of the liquid through the tube, roughly 
500 W m−3 for the pump-driven fence con-
figuration (Acién-Fernández et al. 2012). 
The solar loop is designed to be efficient in 
collecting the solar radiation and in promot-

ing the light dilution effect, to minimize the 
resistance to flow and to occupy as little land 
as possible. Similarly to the flat panels, the 
diameter of the solar tubing is selected so 
that the volume of the dark zone (i.e., the 
zone with light intensity below saturation) is 
kept to a minimum. Also, the movement of 
fluid between the light and the dark zones in 
the solar collector should be rapid enough to 
prevent an excessive residence time of any 
element of fluid in the dark zone. Increasing 
the culture velocity in order to enhance the 
turbulent mixing (and therefore the light to 
dark cycle frequencies) and reducing the 
mixing time appear to be crucial in the pho-
tobioreactor scale-up for the hydrogen pro-
duction stage (Oncel and Sabankay 2012). 
The length of the tube is limited by the H2 
build-up. As a rule of thumb, the maximum 
tube length is determined by the maximum 
dissolved hydrogen that the specific strain 
can withstand with an acceptable drop in the 
H2 production rate. The H2 stripping capac-
ity of the culture broth is a key factor for 
designing a tubular reactor for hydrogen 
production. Increasing the gas phase to the 
liquid phase by a factor of 4 resulted in a 
100 % increase in the H2 output (Giannelli 
and Torzillo 2012). These findings are 
important for a rational design of PBR. 
However, in the case of the tubular PBR 
characterized by perfect plug flow behaviour 
inside the tubes, the increase of the liquid 

Fig. 13.5. Fence-type tubular photobioreactor.
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free surface in the headspace of the degasser 
has little impact on the gas removal due to 
the extremely high ratio between the resi-
dence time inside the tube circuit compared 
to that in the degasser. Increasing the flow 
rate can help to reduce both the mixing 
and the residence time, thus helping to 
reduce the contact between the hydrogen gas 
and the culture. However, replacing the 
curves with proper designed manifolds con-
veying the gas toward the degasser could be 
the best solution to the gas removal problem 
in a tubular rector (Giannelli and Torzillo 
2012). Therefore these reactors are usually 
 modular. The relevant design aspects are 
discussed next.

a. The Liquid Velocity and Length  
of the Solar Tube

The design of tubular photobioreactor must 
guarantee that the flow in the solar tube is tur-
bulent (i.e., Reynolds number should exceed 
10,000) so that the cells do not stagnate in the 
dark interior of the tube. At the same time, the 
dimensions of the fluid micro eddies should 
always exceed those of the algal cells; so that 
turbulence-associated damage is avoided 
(Acién-Fernández et al. 2001; Camacho et al. 
2001). The need to control eddy size places an 
upper limit on the flow rate through the solar 
tubing. The length scale of the microeddies 
may be estimated by applying Kolmogorof’s 
theory of local isotropic turbulence (Kawase 
and Moo-Young 1990):
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Where λ is the microeddy length, ξ is the 
energy dissipation per unit mass, μL is the 
viscosity of the fluid, and ρ is the fluid den-
sity. The specific energy dissipation rate 
within the tube depends on the pressure drop 
and the liquid velocity, UL,
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Where Cf is the Fanning friction factor 
that can be estimated by using the Blausius 
equation (Eq. 13.19). Thus, for any selected 
strain the cell size is known. Using this 
size as the microeddie length, allows cal-
culating the maximum energy dissipation 
rate per unit mass (Eq. 13.15), and from 
this, the maximum liquid velocity, Ul, that 
makes the microeddie length similar to 
cell size (Eq. 13.18).

 
C Ref =

−0 0791 0 25. .  (13.19)

Another restriction on the design of the 
solar collector is imposed by the acceptable 
upper limit on the concentration of dis-
solved hydrogen. The length of the solar 
collector must not be long enough as to 
achieve an inhibiting hydrogen concentra-
tion in the culture. The maximum length, L, 
is a function of the liquid velocity, dissolved 
hydrogen concentration and the hydrogen 
production rate, rH2, and can be calculated 
as follows:
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Where UL is the liquid velocity (ratio 
between the liquid flow rate and the cross 
sectional area of the tube). Note that UL is 
always lower than the maximum velocity 
imposed by microeddies length. [H2]in is 
the hydrogen concentration at the begin-
ning of the solar collector (i.e., the satura-
tion value when the fluid is in equilibrium 
with the atmosphere), [H2]out, is the hydro-
gen concentration at the outlet of the solar 
collector (i.e., maximum acceptable value 
that does not inhibit hydrogen production), 
and rH2 is the volumetric rate of hydrogen 
generation reported for the strain in well-
controlled laboratory experiments. If the 
culture is circulated by pumps (fence type 
configuration), the type and power of 
the pump determines the liquid velocity. 
The above Eqs. (13.17), (13.18), (13.19) 
and (13.20) can also be applied for alveolar 
flat panel reactors.
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Considering the reported data of hydrogen 
production rates it is possible to determine 
the maximal length of tubular photobioreac-
tors as a function of the tolerable hydrogen 
concentration at the beginning and end of the 
loop. Assuming that the hydrogen production 
rate is not inhibited at concentrations close to 
saturation with pure hydrogen, this value can 
be used for the H2 concentration at the end of 
the loop i.e., this is a scenario in which no H2 
bubbles are produced within the tube circuit. 
For the concentration at the beginning of the 
loop, a 40 % of the saturation level with pure 
hydrogen is accepted. The higher the initial 
hydrogen concentration is, the shorter the 
loop has to be to prevent oversaturation. On 
the other hand, a high hydrogen concentration 
at the beginning of the loop, and hence in the 
degasser, implies a high driving force for 
the desorption process thus a lower mass 
transfer capacity requirement. The mass trans-
fer capacity needed to achieve a stable opera-
tion of the system can be calculated from 
these values if the volumes of the total reactor 
and of mass transfer unit (Vmt) are known. As 
a rule of thumb, we can take Vmt as a 10 % of 
total tubular photobioreactor volume.

b. Combining Flow and Gas-Liquid 
Mass Transfer Within the Tube

In the previous scenario, we have assumed 
that the dissolved hydrogen concentration 
does not surpass the saturation level in any 
point of the loop. It is also possible to design 
for a situation in which the level of dissolved 
hydrogen be over the saturation value in a part 
or in the whole loop, giving rise to coexisting 
gas and liquid phases in the loop. This is 
highly likely, above all, when working with 
PNS bacteria because these microorganisms 
have H2 production rates substantially higher 
than rates green algae have. Design of tubular 
photobioreactors in this scenario must also 
consider gas-liquid mass transfer and hydro-
dynamics within the tube. By applying mass 
balances to the different zones of the tube cir-
cuit for which the fluid- dynamic conditions 
remain constant, the hydrogen transfer 
between the liquid and gas phase can be mod-
elled. For the liquid phase, the changes in con-
centrations of dissolved hydrogen along the 
circuit can be related to the gas-liquid mass 
transfer rates and the generation rates by mass 
balances as follows:

 Q d H K a H H Sdx r SdxL l H H2 2 22 2
1[ ] = [ ] −[ ]( ) + −( )* e  (13.21)

In this equation, KlaH2 is the volumetric 
gas-liquid mass transfer coefficient for 
hydrogen in the solar collector (i.e., within 
the tube circuit), dx is the differential dis-
tance along the direction of flow in the solar 
tube, [H2] is the liquid phase concentration 
of hydrogen, ε is the gas holdup; S is the 
cross-sectional area of the tube; rH2 is the 
volumetric generation of hydrogen and QL is 
the volumetric flow rate of the liquid. Note 
that the concentration values marked with 
an asterisk correspond to the equilibrium 
concentration, i.e., the maximum possible 
liquid- phase concentration of hydrogen in 
contact with the gas phase of a given compo-
sition. This term only exists if there is a gas 
phase from which mass is transferred. The 
gas phase exists if the culture becomes over-
saturated (pure hydrogen bubbles) or gas is 
artificially injected into the tubes.

As for the liquid phase, a component mass 
balance can be established also for the gas; 
hence,

 
dF K a H H SdxH l H2 2 2 2= − [ ] −[ ]( )*

 (13.22)

Here FH2 is the molar flow rate of the 
hydrogen in the gas phase. Note that because 
of the change in molar flow rate, the volu-
metric flow rate of the gas phase may change 
along the tube. The equilibrium concentra-
tions of the hydrogen in the liquid can be cal-
culated by using the Henry’s law:

 
H H P H P PH H H T v2 2 2 2
[ ] = = −( )*

 (13.23)

where HH2 is the Henry’s constant for hydro-
gen, PH2 is the partial pressure of hydrogen 
in the gas phase existing in the upper part of 
the tube (i.e., roughly 1 atm, because gas 
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phase is almost pure hydrogen); the partial 
 pressures can be calculated knowing the total 
pressure (PT) and the vapour pressure (Pv). 
The previous equations and the initial condi-
tions, allow numerical integration and conse-
quently, the determination of the H2 axial 
profiles in the liquid phase and the molar 
flow rates of H2 in the gas phase. The model 
is simple and can be adapted to any photo-
bioreactor and H2 producing strain in the 
second phase (note the same rationale and 
Eqs. (13.21), (13.22) and (13.23) can be used 
for alveolar flat pannel reactors). Moreover, 
since the model can simulate the H2 profile 
along the tube as a function of the tube length 
and operational variables, it would allow the 
rational design and scale-up of tubular PBR 
for H2 production.

c. Hydrogen Removal  
and Temperature Control

Once the solar collector has been designed, it 
is necessary to calculate the degasser unit 
used for the removal of hydrogen and tem-
perature control. For this purpose the use of 
bubble columns (generally used in the fence 
configuration reactor, Fig. 13.5) is preferred 
because these systems are simple, well- 
known and widely used at industrial scale. 
The mass transfer coefficient can be calcu-
lated as a function of O2-free aeration rate 
(Eqs. 13.13 and 13.14) and from this the vol-
ume of bubble column required to remove 
the hydrogen is calculated as:
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where QL is the liquid flow rate entering to 
the bubble column, [H2]in is the hydrogen 
concentration at the inlet of the bubble col-
umn, [H2]out is the hydrogen concentration at 
the outlet of the bubble column, KLaL is the 
volumetric mass transfer coefficient for the 
bubble column, and ([H2*]-[H2]) is the driv-
ing force for the transport of hydrogen from 
the liquid to the gas phase, calculated as the 
logarithmic mean of the concentration differ-
ence at the inlet and the outlet. To avoid the 

recirculation of bubbles from the bubble 
 column to the solar collector, the superficial 
liquid velocity downstream must be lower 
than the velocity of the rising bubbles, Ub 
of the O2-free stream. Thus, the minimum 
diameter of bubble column, dc, can be calcu-
lated (Eq. 13.25), as well as the minimum 
column height, hc, (Eq. 13.26).
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The heat transfer equipment must be 
designed analogously to mass transfer. The 
equipment must be able to remove the heat 
absorbed by radiation. This is a function of 
the solar radiation received by the solar col-
lector, Qrad, and the thermal absorptivity of 
the culture, arad. Finally, the area of heat 
exchanger necessary, Aexchanger is calculated 
as a function of the overall heat transfer coef-
ficient, Uexchanger, and the temperature of cool-
ing water by:

 

A
Q a

U T Texchanger
rad rad

exchanger culture water

=
−( )  

(13.27)

d. Examples of Pilot Scale (>50 L) 
Sealed PBR for H2 Production

Although algal H2 production has been 
extensively investigated, there are almost no 
publications on the subject carried out with 
PBR volumes anything beyond lab-scale. 
Nonetheless, some publications have started 
to appear recently with the objective of 
assessing the production of H2 in tubular 
reactors with volume capacities over 50 L 
using sunlight.

In this sense, Torzillo and co-workers 
(Scoma et al. 2012) built a 50 L horizontal 
tubular PBR for producing H2 with the 
microalga Chlamydomonas reinhardtii. 
The device was made up of ten parallel 
glass tubes connected by PVC U-bends 
(Fig. 13.6). The illuminated area was 1.5 m2 
with a surface- to-volume ratio of 30.5 m−1. 
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The circulation of the fluid within the loop 
was done with a PVC centrifugal pump 
with three stainless-steel flat blades placed 
at an angle of 120º with respect to each 
other on the propeller shaft. It is interesting 
to note that the distance between the blades 
and the box of the rotor is 0.5 cm while the 
height of the casing is 6.5 cm (see detail in 
Fig. 13.6). This pump provides adequate 
fluid dynamics, liquid velocity (range 0.2–
0.5 m s−1 and mixing time (around 1 min). 
At the end of the loop (with a total length 
of 23 m) the culture flows through a 2.2 L 
degasser (PVC tube, 10 cm internal diameter 
and 28 cm height). The degasser contains 
several hose fittings to feed culture medium, 
flushing gas, and for the withdrawal of cul-
ture and gas samples.

During the hydrogen production phase, 
the headspace of the PBR (i.e., the volume 
above the culture level) was about 0.2 L 
(0.4 % of the total volume) and the degasser 
was flushed with a N2 gas stream. In our 
opinion, the free G-L surface in the degasser 
is very little and so will be the mass transfer 
capacity of this unit; nonetheless the experi-
ment was performed with a partial vacuum 
of −4.03 kPa to facilitate the degassing of the 

dissolved H2 entering the degasser. The max-
imum H2 production rate reported was 
0.3 ml L−1 h−1, production that was 18 % 
lower than that obtained with the same 
microalga in 1 L flat panel reactor. The major 
differences are in the mixing time (15.5 s) in 
lab-scale vs. 60 s in the 50 L reactor, and in 
the illumination pattern (both sides illumi-
nated in the 1 L flat reactor while in the 50 L 
outdoor reactor about a 30 % of the culture is 
permanently in dark). The illumination and 
mixing degree have both been proved to be 
key features to take into account in the scale-
 up of the H2 production phase; although as 
commented before, care must be taken with 
the potential damage of cells caused by an 
excessive turbulence level (Oncel and 
Sabankay 2012). Therefore, the scaling up of 
this tubular configuration has serious diffi-
culties since the increase of liquid velocity 
needed to achieve the proper light-dark cycle 
frequencies may conflict with the cell dam-
age that this can cause.

The same reactor has also been used 
by Adessi et al. (2012) for H2 production 
by the purple non-sulphur bacterium 
Rhodopseudomonas palustris. The average 
H2 production rate was 10.7 ml L−1 h−1 with a 

Fig. 13.6. Overview of the 50-L horizontal tubular photobioreactor used for outdoor experiments with C. rein-
hardtii. Inset: details of the PVC pump and the degasser (Courtesy of Dr. G. Torzillo, ISE, CNR, Florence, Italy).
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reported maximum of 27.2 ml L−1 h−1. These 
productivities were two orders of magnitude 
higher that that obtained with C. reinhardtii 
with the same reactor and similar environ-
mental conditions. A micro sensor for mea-
suring the dissolved H2 concentration in the 
range 0.0–1.5 mg L−1 (i.e., 0.0–0.75 mM) 
revealed that the elapsed time from the sun-
rise until dissolved hydrogen appeared in the 
culture was about 1.3 h and that H2 gas was 
effectively collected between 11:00 and 
19:00 h local time (Adessi et al. 2012). The 
light to H2 conversion efficiency with the 
PNS bacteria was 0.63 vs. the 0.21 % for C. 
reinhardtii. This shows how the processes 
based on PNS bacteria are more promising 
than those using green algae.

A 80 L tubular reactor for the H2 produc-
tion with the PNS bacterium Rhodobacter 
capsulatus by the photofermentation of thick 
juice effluents was designed by Boran et al. 
(2010, 2012). The reactor was placed with an 
inclination of 10º. This reactor is conceptually 
similar to the near horizontal tubular reactor 
designed by Tredici et al. (1998). The tubular 
reactor consisted of 9 tubes, 6 cm diameter 
and 2.35 m length. The total illuminated sur-
face was 2 m2 and the occupied ground area 
was 2.88 m2. During the H2 production phase, 
the culture was bubbled with an argon stream. 
The reactor temperature was kept below 35 °C 
by internal cooling coils. The culture was car-
ried out in a semicontinuous mode with a 
dilution rate of 0.11 d−1, trying to maintain 
cell concentration at around 1 g L−1 during the 
H2 production phase. The average H2 produc-
tion rate was 0.15 mol H2 m−3 h−1during 
9 days, obtaining a light conversion efficiency 
of roughly 0.2 %, and demonstrating that the 
H2 yield of the culture (mmol H2 to cell dry 
weight ratio) was a potential function of the 
total light energy, E, received (W · h m−2), with 
a 1.4 exponent.

Possibly, the work carried out at the largest 
scale so far has been performed by Torzillo 
and co-workers by using a 110 L tubular PBR 
immersed in a light-scattering nanoparticle 
suspension (Fig. 13.7) (Giannelli and Torzillo 
2012). The PBR was made up of 64 tubes 
(i.d., 2.75 cm; length 2 m) connected by 64 

U-bends, with a total 133 m length. The tubes 
were immersed in a light scattering suspen-
sion of silica nanoparticles that increases the 
H2 production rate up to 0.62 ml L−1 h−1 vs. the 
0.42 ml L−1 h−1 achieved without immersing 
them into the nanoparticles bath (note that 
these productivities almost doubled those 
obtained in the 50 L reactor shown in 
Fig. 13.6). This demonstrates the positive 
effect of the dilution of light by nanoparticles, 
which enhances the H2 production. In our 
opinion, the drawbacks already existing in the 
50 L reactor (Fig. 13.6) are still present in this 
new design. The degasser again is hardly 2 L 
volume. During the H2 production phase, the 
headspace of the degasser was 0.35 L (i.e., 
15 % of the total volume of the degasser). 
Apparently, the mass transfer capacity of this 
reactor, similar to the 50 L reactor, is clearly 
insufficient. The light to H2 conversion effi-
ciency was only 0.21 %. Ignoring the eco-
nomical considerations, the new method 
presented in this design for the dilution of 
light shows at least two major advancements 
over the state of the art of sealed PBR for H2 
production: (1) it not only improves the light 
conversion efficiency, but this new design also 
allows an efficient way for PBR scaling up by 
reducing the distance between the tubes, and 
consequently increasing the number of tubes, 
without altering the foot print; and (2) it is 
possible to modify the irradiance impinging 
on the surface of the tubes by varying the con-
centration of nanoparticles. This is a signifi-
cant advantage in outdoor cultures where the 
intense direct light radiation may cause over 
saturation with loss of efficiency. With the 
PBR concept designed by Torzillo´s group, 
even direct incident sunlight can be diluted to 
levels of photosynthesis saturation (about 
200 μE m−2 s−1). Nonetheless, this new PBR 
design has only been operated so far with arti-
ficial light and it needs to be demonstrated 
operating with sunlight to actually test the 
above commented advancements.

e. Scale-Up of Tubular PBR

For practical purposes, the scaling up of a 
tubular photobioreactor requires the scaling 
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up of both the solar receiver and the degasser 
system (i.e., the bubble column in the case of 
fence type configuration). Scaling of the 
degasser does not pose a limitation for any 
realistic size of the photobioreactor. However, 
there are limitations in the scaling up of a 
continuous run solar loop. In principle, the 
volume of the loop may be increased by 
increasing the diameter and the length of the 
tube. In practice, the maximum tube length 
is limited by gas buildup and the diameter 
should not exceed 0.10 m (Molina Grima 
et al. 2000; Brindley et al. 2004). Figure 13.8 
shows an industrial size photobioreactor 
operated in a greenhouse in Almería, Spain, 
following Eqs. (13.7) to (13.8) and (13.17), 
(13.18), (13.19), (13.20), (13.21), (13.22), 
(13.23), (13.24), (13.25), (13.26) and (13.27) 

(Acién-Fernández et al. 2013). This reactor 
was scaled up to industrial size with the 
objective of producing a metabolite associ-
ated to growth. The production of biomass 
involves the removal of O2 and the supply of 
CO2, and therefore there are some differ-
ences between Eqs. (13.20), (13.21), (13.22), 
(13.23) and (13.24) and those shown for O2 
removal and CO2 supply in Acién-Fernández 
et al. (2013). This  reactor is running in the 
authors’ facilities for producing high value 
products and may be adapted with some 
small modifications (head space of the 
degasser and type of centrifugal pump for 
liquid impulsion) to produce H2.

For the scaling up of tubular reactors, first 
the light availability in PBR location should 
be calculated according to solar radiation 

Fig. 13.7. Enclosed tubular photobioreactor used for f H2 production with C. reinhardtii (a) general view of the 
110-L PBR (b) frontal view of the tubular PBR set in a container filled with a light scattering nanoparticle sus-
pension (c) detail of the PBR made up eight tube layers and connected each other by U-bends to form a 133 m 
long circuit (d) frontal view of the reactors showing the tube layers with opposite inclination to facilitate culture 
draining (Photography and description, courtesy of Dr. G. Torzillo, ISE, CNR, Florence, Italy).
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knowledge. Then, simulations should be 
performed to determine the optimal tube 
diameter. The selection should be done tak-
ing into account the characteristic parame-
ters of the microalga, cyanobacterium or 
PNS bacterium to be used (μmax, Ik, n, 
Eq. 13.6). A practical tube diameter range of 
6–9 cm is convenient (Brindley et al. 2004). 
This range allows the reactor operation at 
the proper fluid-dynamics conditions, pro-
moting adequate light to dark cycle frequen-
cies and a limited energy consumption. 
According to the target H2 productivity rH2, 
the maximum length of the solar collector 
can calculated with Eq. (13.20). Table 13.2 
shows the tube length for a tubular reactor, 
similar to that presented in Fig. 13.8, for H2 
production in a scenario in which, during 
the time spent by the culture in the circuit 
tube no bubbles are generated. The dissolved 
hydrogen concentration at the beginning of 
the loop is 40 % of the saturation with pure 
hydrogen and 100 % saturation at the exit. 
This means that in the degasser of the tubu-
lar system, the counter current O2-free air-
flow removes the 60 % of the dissolved 
hydrogen of the culture, which enters in 
degasser saturated. As can be seen in 
Table 13.2, provided that the hydrogen 

 production rate is over 10−3 mol L−1 h−1 the 
length of the tube needed in order to have 
the culture hydrogen saturated is in the rea-
sonable range 100–400 m. For lower hydro-
gen production rates, the culture will never 
reach saturation and tube length needed is 
much lower. Table 13.3 shows the tube 
length needed for the different scenario 
in which hydrogen bubbles are formed 
within the tubes (visible in the upper part of 
the tube), which have to be dragged to the 
degasser by the culture motion. The 
 calculations have been made considering 
that the dissolved oxygen concentration at 
the entrance and exit of the solar collector 
are 40 % with respect to saturation with pure 
hydrogen and twice the saturation, respec-
tively. In these conditions there is a large 
proportion of tube showing bubbles in the 
upper part. This scenario is more reasonable 
when using PNS bacteria in the H2 produc-
tion step, since their reported H2 productivi-
ties are almost double in comparison with 
those obtained with green microalgae. 
Finally, a bubble column can be designed to 
be coupled to the solar collector to remove 
hydrogen as well as to control the tempera-
ture of the culture, Eqs. (13.24), (13.25), 
(13.26) and (13.27).

Fig. 13.8. Photograph of an industrial size fence configuration tubular photobioreactor 30 m3 plant for the pro-
duction of lutein from Scenedesmus almeriensis Almería. Fundación CAJAMAR (With permission of Fundación 
CAJAMAR, Almería, SPAIN).
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V. Concluding Remarks

This chapter shows the fundamental princi-
ples of photobioreactor design to be used in a 
hypothetical facility (Fig. 13.1) to produce 
hydrogen from green microalgae, cyanobac-
teria or PNS bacteria. This has been envisaged 
from the pioneering work of Melis et al. 
(2000), showing the possibility to separate the 
biomass production stage and the H2 produc-
tion stage for a culture of C. reinhardtii. The 
challenges associated with the two closed 
technologies capable of producing H2were 
discussed followed with strategies to over-
come the major technical issues. The previous 
experience and tools for the design and  scaling 

up of industrial reactors has been adapted for 
the photobiological production of hydrogen in 
completely sealed photobioreactors. However 
the data available on hydrogen production is 
scarce for systems over 50 L capacity, and the 
light to H2  conversion efficiencies, whatever 
the route  used for producing H2, are well below 
1 %. Therefore the calculations made are 
 subjected to many uncertainties. The majority 
of data on hydrogen production rate used have 
been taken from laboratory scale photobioreac-
tors, which rarely exceed the 2 L, given the 
scarcity of outdoor pilot H2  production. The 
length of 9 cm tube needed for the two produc-
tion scenarios covered in Tables 13.2 (no H2 
bubbles in the tube circuit) and 13.3 (presence 

Table 13.2. Permissible length of tubular reactors as a function of hydrogen production rate, rH2, reported.

Productivity (mol/L · h) Tube length (m) Volume (L) Vmt (L) Kla (1/h)

2.77E-05 19,900 11,820 1,182 0.47
2.00E-03 275 1,752 175 33.62
5.80E-04 949 6,038 604 9.76
1.50E-03 367 2,336 234 25.21
1.68E-03 329 2,091 209 28.17
1.83E-04 3,009 19,144 1,914 3.08
2.01E-05 27,418 174,423 17,442 0.34
2.50E-04 2,203 14,016 1,402 4.20
1.21E-03 454 2,886 289 20.41

5.90E-03 93 594 59 99.18

Values were obtained considering a liquid velocity of 0.3 m/s, and hydrogen dissolved concentrations at the beginning 
and end of the tube circuit equal to 40 % of saturation with pure hydrogen ([H2] = 3.4 · 10−4 mol/L) and saturation with 
pure hydrogen ([H2]sat = 8.50 · 10−4 mol/L), respectively
The references for these values are the same as in Table 13.1

Table 13.3. Tube length of tubular photobioreactor as a function of hydrogen production rate values reported.

Productivity (mol/L · h) Tube length (m) Volume (L) Vmt (L) Kla (1/h)

2.77E-05 53,066 31,519 3,152 0.27
2.00E-03 734 4,672 467 19.61
5.80E-04 2,531 16,101 1,610 5.69
1.50E-03 979 6,229 623 14.71
1.68E-03 876 5,575 558 16.43
1.83E-04 8,025 51,051 5,105 1.79
2.01E-05 73,114 465,129 46,513 0.20
2.50E-04 5,875 37,376 3,738 2.45
1.21E-03 1,210 7,695 770 11.91

5.90E-03 249 1,584 158 57.85

Values obtained considering a liquid velocity of 0.3 m/s, and hydrogen concentrations at the beginning and end of the 
tube loop equal to 40 % of saturation with pure hydrogen ([H2] = 3.4 · 10−4 mol/L) and double than saturation with pure 
hydrogen (2x[H2]sat = 1.7 · 10−3 mol/L), respectively
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of H2 bubbles) gives rise to volume reactors 
able to be fed with the harvested biomass pro-
duced, in a first step, in an open raceway facil-
ity producing about 2 and 4 tonnes of biomass 
(d.w) per year, respectively. In brief, photo-
biological hydrogen production is at an early 
stage of development that requires much more 
pilot experience.
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Summary

The immobilization is a process of catalyst (cells) attachment to the matrix. It separates 
effectively the cells from the liquid and gas phases, allowing a significant increase in the 
culture density. This review describes various approaches used for immobilization of 
photosynthetic cells. The main attention is focused on advantages and limitations of 
immobilized systems for hydrogen photoproduction.
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I. Introduction

Molecular hydrogen is an ideal energy  carrier 
for the future world. It can be produced from 
a wide range of sources and by a number of 
different technologies that includes: water 
electrolysis, reforming of natural gas, coal 
gasification, thermochemical production and 
biomass gasification. Hydrogen gas pro-
duction by the cultures of phototrophic 
microorganisms is considered as one of the 
most promising and ecologically friendly 
approaches. The process occurs under ambi-
ent temperatures, requires sunlight, water 
and minimal amounts of macro and micro-
nutrients. However, due to some limitations 
discussed in this and other chapters of the 
book it is still in the research and develop-
ment stage. Recently obtained research data 
show promise in the practical application. 
However, there are a number of problems 
that should be solved before H2 gas produc-
tion by phototrophic microorganisms 
becomes a commercially competitive tech-
nology. Among the most important limita-
tions are the low rates of hydrogen gas 
production and difficulties in maintaining 
and processing suspension cultures. These 
challenges might be addressed by immobi-
lizing microbial cells.

When compared to suspensions, immo-
bilized cultures have higher volumetric 
rates of hydrogen production; the separa-
tion of gas, liquid, and solid phases is nat-
ural; the  catalyst (microbial cells) has 
higher stability due to a diffusion barrier 
of the matrix. These and some other 
advantages make immobilization a very 
suitable approach for biohydrogen appli-
cations. This chapter reviews the modern 
methods available for immobilization of 
photosynthetic microorganisms, describes 
criteria for selection of these methods, 

gives some recommendations for design-
ing photobioreactors (PhBRs) with immo-
bilized cells and presents examples of 
already described systems for hydrogen 
production by immobilized photosynthetic 
microorganisms.

II. Methods of Immobilization

Immobilization in biotechnology is 
defined as “the confinement or localiza-
tion of viable microbial cells to a certain 
defined region of space in such a way as to 
exhibit hydrodynamic characteristics, 
which differ from those of the surround-
ing environment” (Azbar and Kapdan 
2011). Methods of immob ilization can be 
divided into two large groups: artificial 
cell entrapments that assume application 
of matrices or substrates for attachment, 
entrapment within the matrix, or encap-
sulation of microorganisms, and  natural 
cell entrapments, which allow microor-
ganisms to form biofilm or granules. 
Independently on the nature, the ideal 
immobilization method should satisfy the 
following requirements:

 – Neutrality to cell metabolism. The immobili-
zation matrix should be non-toxic to the cells 
and stable against cellular activities.

 – Stability in time and in space. Mechanical 
properties of the matrix should be strong 
enough to withstand against shear stress, but 
gentle to avoid mechanical inhibition of the 
cells.

 – Porousness of the matrix or/and supporting 
substrate. Associated diffusion barriers should 
not limit the target reaction, but should be 
high enough to realize a high resistance of 
immobilized cells against toxic compounds 
and non-optimal environmental parameters 
like sharp pH changes.

 – Absence of cell leakage outside of the immo-
bilization space.

 – Simplicity in production and operation.
 – Low cost.
 – Renewability of materials, if possible.

Abbreviations: Chl – Chlorophyll; EPS – Extracellular 
polysaccharides; Fd – Ferredoxin; PAR – Photosynthetic 
active radiation; PhBR(s) – Photobioreactor(s); PSI – 
Photosystem I; PSII – Photosystem II; PVA – Polyvinyl 
alcohol
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In addition to general requirements listed 
above, the immobilization method for photo-
synthetic microorganisms should allow the 
light penetration to the cells. Therefore, the 
matrix and support for the matrix should be 
transparent (translucent for foam and porous 
structures).

A. Artificial Immobilization

Microorganisms can be fixed in space using 
a variety of methods, which include: ionic 
adsorption on water-insoluble matrices, gel 
entrapments and encapsulations with solid or 
liquid membranes.

1. Ionic Adsorption on Water-Insoluble 
Matrices

Ionic adsorption of microorganisms can be 
non-specific and specific. An example of non-
specific interactions is the cyanobacterial cells 
readily attached to hydrophilic polyvinyl or 
polyurethane foam (Hall and Rao 1988). 
Specific adsorption is developed due to sur-
face charges. The surface of many bacteria has 
negative charge. When a substrate is charged 
positively, for example by activating the glass 
with aminosilane (Tsygankov et al. 1993), 
bacteria occupy up to 40 % of the substrate 
surface. This method is quick and simple, but 
produces monolayer of cells. If not followed 
by colonization, the process is reversible. 
Nevertheless, this approach is good for accel-
erating the natural immobilization (see below).

2. Gel Entrapments

A variety of natural and synthetic, organic 
and inorganic substances can be used for the 
entrapment of microorganisms.

a. Polysaccharides

Polysaccharides are excellent materials for 
entrapping microorganisms. They satisfy 
almost all requirements. Matrices with 
immobilized cells can be formed into any 

shape, including beads (Hallenbeck 1983), 
cubes (Saetang and Babel 2009) and fibers 
(Park et al. 1991). The main disadvantage 
of polysaccharides is a low chemical and 
mechanical stability of their matrices, 
which requires application of additional 
supporting substrates: glass plates, syn-
thetic fibers, steel or plastic screens. The 
following groups of natural and modified 
polysaccharides are frequently used in 
immobilization (Stolarzewicz et al. 2011):

 – polyuronides (polymers of uronic acids): algi-
nate and pectins;

 – galactans (galactose polymers): agar, agarose, 
carrageenan;

 – glucans (polymers of D-glucose and its deriv-
atives): chitosan, an amino polysaccharide 
derivative of chitin, starch, cellulose and its 
alkyl and carboxylic derivatives;

 – some polysaccharides containing natural 
products like cashew apple bagasse, corn 
starch gel or orange peel.

The immobilization process using the 
above mentioned matrices is usually carried 
out by encapsulating the cells or entrapping 
them within gels of different shapes. 
Solidification (polymerization) of the gel is 
achieved by several physical and chemical 
treatments, largely depending on properties 
of the used polymer. In some cases, polymer-
ization occurs in the presence of bivalent 
ions (alginic acid) and cationic compounds: 
metal ions, amines, amino acid derivates and 
organic solvents (carrageenan) or by chang-
ing the pH (alginic acid, chitosan, pectins). 
In other cases, gel thickening is driven by 
cooling the liquid polymer to the tempera-
ture of solidification (agar, agarose). The 
most commonly used polysaccharides for 
entrapping within gels are alginate, a linear 
unbranched polymer containing 1-4-linked-
β-D-mannuronic acid and α-L-guluronic 
acid residues in different proportions and 
sequences, and carrageenan, a linear sulfated 
polysaccharide consisting of alternating 
3-linked-β-D-galactopyranose and 4-linked-
α-D-galactopiranose units.
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b. Proteins

Similar to polysaccharides, proteins form 
hydrocolloids and may also be very effective 
for immobilization of enzymes and whole 
cells (Kourkoutas et al. 2004). The most often 
employed proteins are: albumin, gelatin, glu-
ten and silk fibroin (Krastanov 1997; Gugerli 
et al. 2004). Encapsulation and entrapment of 
the cells inside fibers are  commonly used for 
protein immobilization approaches. Protein 
hydrocolloids are transparent in visible part 
of spectrum and, therefore, can be used for 
immobilization of photosynthetic cells in 
biohydrogen applications. The main draw-
back of these matrices is their high cost.

c. Polyvinyl Alcohol

Polyvinyl alcohol (PVA) is another excel-
lent, but synthetic material, for entrapping 
microorganisms due to its neutrality, stabil-
ity, transparency, simplicity of operation, 
cost, and commercial availability. Two 
methods of matrix polymerization are often 
used for microbial immobilization. The first 
is “freezing-thawing”, and the second is 
UV-light polymerization. PVA is not 
mechanically strong enough to create foam. 
For this purpose, the method of preparing 
macroporous PVA foam with improved sta-
bility was suggested, which involves adding 
calcium carbonate as a pore-forming agent 
and epichlorohydrin as a chemical cross-
linking agent (Bai et al. 2010).

d. Polyacrylamide

Acrylic polymers obtained from acrylic or 
methacrylic acid and their derivatives, such 
as amides, esters and others, and cross-
linked with N,Nʹ-methylenebisacrylamide 
form transparent, mechanically and chemi-
cally stable matrices, which have a high dif-
fusion rate regulated by cross-linking. These 
matrices are often used for immobilization 
of microorganisms (Stolarzewicz et al. 
2011). The polymerization procedure (by 
irradiation or by chemical activation) is not 
neutral for cells and, therefore, should be 

tested for the influence on the target activity 
before any application for the particular 
microorganisms.

3. Thin-Layer Immobilization

The main limiting factor affecting the pro-
ductivity of photosynthetic microorganisms 
is the light distribution within the culture 
(Torzillo et al. 2003). The immobilized cells 
are subject to the same rule. With increasing 
depth of the matrix, the lower cell layers 
experience shading, which can be significant 
in the dense culture. On the contrary, upper 
cell layers are subject to photoinhibition, 
especially under high light. As a result, over-
all light utilization efficiency by the culture 
is low. The problem can be addressed in part 
by immobilizing photosynthetic microorgan-
isms in thin-layer matrices. Thin-layer immo-
bilization allows a precise control of the 
matrix thickness and makes possible a more 
uniform light distribution to the cells. 
Although different transparent polymers can 
be applied for entrapping photosynthetic 
microorganisms within thin-layer films, the 
most frequently used polymers in this 
approach are sol-gels, latexes and alginates. 
Except for sol-gels, these materials are 
cheap and available in industrial quantities. 
In addition, alginates, as natural polymers, 
are renewable materials.

a. Sol-Gel Encapsulation

Starting from the first description of sol-gel 
application for the immobilization of micro-
organisms (Carturan et al. 1989) this technol-
ogy is developed for encapsulation of 
different enzymes and cells, including photo-
synthetic microorganisms and plant cells 
(Rooke et al. 2008). Silica sol–gels are chem-
ically inert, mechanically stable, transparent 
and can be used not only for encapsulation 
but also for entrapment (Kandimalla et al. 
2006). One drawback is the procedure of 
evaporation during xerogel preparation since 
drying reduces the viability of cells immobi-
lized within sol–gel matrices (Baca et al. 
2007). Another drawback of sol-gel applica-
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tion is the formation of alcohols from alkosi-
lane matrices (Meunier et al. 2010). Sol-gel 
materials based on alumina, titania and other 
compounds have similar drawbacks. To avoid 
cells drying during xerogel formation, several 
methods were applied. Fukushima et al. 
(1988) entrapped whole cells in  alginate-silica 
gels with very promising results. Other 
authors employed biocompatible short chain 
phospholipids to direct the formation of an 
ordered silica mesophase during evaporative 
processes (Baca et al. 2007). To increase bac-
terial viability during sol-gel preparation, dif-
ferent authors used encapsulation of 
microorganisms by alginate (Pannier et al. 
2011), PVA (Liu et al. 2009) with following 
coating by sol-gel. The addition of cryopro-
tectors like glycerol, quorum-sensing mole-
cules or combination of them increased 
viability of bacteria in sol-gel (Meunier et al. 
2010).

Different kinds of precursors have been 
developed to obtain the sol-gel matrices 
with improved properties like reduced brit-
tle nature, high transparency, improved 
hydrophilicity, flexible and tuned porosity, 
etc. Nevertheless, the ideal matrix has not 
been developed. For example, inorganic sol-
gels are good in transparency, but have low 
porosity in xerogels restricts their applica-
tion. Organically modified sol–gels have 
good tunable porosity, but have limited 
optical transparency (Kandimalla et al. 
2006) that limits their application for photo-
synthetic cells.

b. Latex Coatings

Although photosynthetic microbes were first 
immobilized in latex coatings nearly 20 years 
ago (Martens and Hall 1994), the latex poly-
mers have been applied mainly for entrapping 
heterotrophic bacteria (Lyngberg et al. 2001; 
Flickinger et al. 2007). The entrapment of 
 photosynthetic microorganisms into latex 
matrices has attracted more attention only 
recently with increasing demands of immobi-
lizing H2-photoproducing cultures. The main 
advantage of latex polymers compared to 
many other materials used for cell entrapments 

is their ability to form mechanically stable 
nanoporous coatings (Flickinger et al. 2007). 
The coating thickness can easily be controlled 
within 10–250 μm (Gosse et al. 2007). Using 
this advantage, Gosse et al. (2007) found the 
optimal thickness for H2- producing photo-
trophic bacterium, Rhodopseudomonas palus-
tris entrapped in latex coatings of around 
50 μm (at 34 μE m−2 s−1 PAR). As expected, 
an increase in the thickness led to the loss in 
photoreactivity due to the self-shading effect. 
Immobilization of bacteria into the latex 
 polymer also improved greatly their catalytic 
 stability. The latex coatings of Rp. palustris 
produced H2 gas for over 4,000 h (Gosse et al. 
2010). They also remained active after 
hydrated storage for greater than 3 months in 
the dark and over 1 year when stored at −80 ° 
C (Gosse et al. 2007).

c. Alginate Films

Latex polymerization requires drying that 
leads to coalescence of latex particles. 
Commercial latex polymer formulations 
may also contain biocides and other toxic 
additives. As a result, not all microbial cul-
tures can survive in latex coatings. In those 
cases, alginate and likely other hydrogels 
may replace latex polymers in the thin-layer 
immobilization approach. Recently, Kosourov 
and Seibert (2009) entrapped green alga, 
Chlamydomonas reinhardtii within thin 
Ca2+-alginate films (Fig. 14.1). Since algi-
nate is not mechanically stable polymer, 
authors introduced an additional polymeric 
screen for the mechanical support that 
improved the film longevity for up to 
1 month. The immobilization of cells within 
alginate films has several advantages. The 
pH of a 4–6 % alginate solution is close to 7, 
and the polymerization process does not shift 
the pH inside the matrix, which is important 
for optimal survival of microbial cells. 
Furthermore, the polymerization process 
occurs at room temperature in the presence 
of added non-toxic divalent ions like Ca2+ 
and Ba2+. The material is cheap and can be 
produced in industrial quantities from a 
renewable resource.
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The mechanical stability of alginate 
films can further be improved by cross-
linking alginate with other polymers, such 
as: chitosan, polyacrylic acid, polyure-
thane, polyvinyl alcohol and polyvinyl-
amine or by coating the surface of alginate 
films with poly-L- lysine, polyethylenei-
mine or glutaraldehyde.

4. Covalent Attachment

Immobilization based on the formation of 
covalent bonds is widely used for enzymes. 
Covalent methods in general can be divided 
in two groups: activation of the matrix by 
addition of a reactive function to the 
 polymer and modification of the polymer 
backbone to produce an activated group 
(Brena and Batista-Viera 2006). A wide 
variety of reactions have developed depend-
ing on the functional groups available on 
the matrix. Treatments with tresyl chloride, 
cyanogen bromide, epoxides, epichlorohydrin, 
glutaraldehyde, glycidol-glyoxyl are among 
them (Brena and Batista-Viera 2006). 
Covalent coupling of whole cells as immo-
bilization method is often applied in scan-
ning electron microscopy. This method and 
methods based on cross-linking and co-

cross linking with neutral molecules are not 
applicable for long-term immobilization of 
whole cells producing valuable products 
due to negative influence on cell surface 
and leakage of cells into suspension due to 
growth and division. However, there is a 
possibility to apply mild covalent binding 
as a first step accelerating natural immobili-
zation (see below).

All artificial immobilization methods 
have advantages and drawbacks. For exam-
ple, adsorption is simple, cheap and effec-
tive but creates monolayers with limited 
applications and frequently reversible; 
covalent attachment and cross-linking are 
effective and durable, but expensive and 
often affect microorganisms viability; gel 
entrapment and encapsulation have inherent 
diffusion problems. Furthermore, the exis-
tence of many different immobilization 
methods indicates that no universal method 
exists for different microorganisms and var-
ious processes.

B. Natural Immobilization

Bacteria exhibit two different behavioral strat-
egies: a planktonic state, in which individual 
cells move freely in liquid medium, or a ben-

Fig. 14.1. The entrapment of Chlamydomonas reinhardtii cells in Ca2+- alginate films is a convenient way for 
screening H2 photoproduction activities in different mutants.
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thic state, in which they are tightly clamp. If 
no support exists, benthic bacteria form mats, 
which can be seen in different ecological 
niches. If bacteria attach to the surface, they 
form biofilms. Most of physiological, bio-
chemical, and genetic researches have been 
based on the assumption that bacterial popu-
lations consist of the individual cells with 
identical characteristics or of the colonies 
originating from a single cell. Development 
of microscopy and molecular genetic tech-
niques promoted the understanding that natu-
ral bacterial populations exist mostly in the 
attached state, in which bacteria may exchange 
signals and exhibit coordinated activity with 
creation of subpopulations for specialized 
functions (Smirnova et al. 2010).

Cells in biofilms have enhanced resis-
tance to solvents and toxins as compared to 
suspension cells (Dagher et al. 2010; 
Smirnova et al. 2010). Development of mat 
or biofilm communities is one of the main 
strategies for survival of bacteria in a certain 
ecological niche under different stresses. 
Due to a higher resistance, biofilms cause 
chronic infections and persistent diseases, 
food spoilage, metal corrosion that can wear 
out or block water pipes, and cause other 
common problems associated with surfaces 
exposed to water.

Apart from the nature and problems asso-
ciated with formation of biofilms, they have 
found application in biotechnology as an 
immobilization method. Natural immobili-
zation is widely used in industrial applica-
tions for the treatment of wastewater, gas 
desulfurization, and in food production 
(Dagher et al. 2010). Therefore, a number of 
publications dealing with different aspects of 
biofilm formation is growing.

1. Biofilm Formation

Different authors divide the process of bio-
film formation into different stages, but all of 
them agree that three main stages exist: 
attachment, colonization with extracellular 
polymer production and growth with matu-
ration of the biofilm (Dagher et al. 2010; 
Smirnova et al. 2010; Cheng et al. 2010).

a. Attachment

The first stage, named attachment, is greatly 
affected by the surface properties (i.e. 
roughness, porosity, hydrophobicity and 
charge) and the growth rate of microorgan-
isms being transported to the surface. The 
hydrodynamic conditions of the medium 
can also affect adherence to the surface by 
increasing or decreasing cell shearing. 
Many microorganisms react to excessive 
turbulence and shearing forces by inducing 
a global genetic response that causes a com-
plete modification of cell surface compo-
nents including flagella, fimbriae, pili, 
capsule, and other cell- wall polysaccharides 
(Dagher et al. 2010). The attachment is the 
reversible process and cell surface struc-
tures like flagella, adhesins, fimbria, and 
pili participate in irreversible adsorption 
together with extracellular polymers syn-
thesis (Smirnova et al. 2010).

b. Colonization

When the cell is irreversibly attached to the 
surface it continues growing and dividing. 
As a result, microcolonies of microorgan-
isms appear on the support. Simultaneously, 
depending on the microorganism and 
 environmental conditions cells continue 
synthesizing exopolymeric substances like 
polysaccharides, proteins, carbohydrates, 
DNA and lipids (Dagher et al. 2010). 
Alternatively, the monolayer of cells is 
formed by irreversible attachment of mov-
ing cells along the surface (Smirnova et al. 
2010). Evidently, this event depends greatly 
on the environmental conditions, such as: 
availability of substrates and different gradi-
ents near the surface, turbulence of liquid, 
presence of toxins etc. When conditions 
favor biofilm formation, both events can 
take place simultaneously.

At the colonization stage, the polymer 
matrix between the surface and cells starts 
forming. The bulk of the matrix consists of 
extracellular polysaccharides (EPS). In some 
cases, the matured biofilm contains 85 % 
EPS (Romanova et al. 2011). Nevertheless, 

14 Cell Immobilization for H2 Photoproduction



328

other constituents of the polymer matrix 
are also very important. For example, extra-
cellular DNA participates in polymer 
matrix formation and addition of DNA-ase 
to the biofilm destroys the polymer matrix 
(Romanova et al. 2011).

EPS build bridges between negatively 
charged cells providing them with a natural 
matrix. The EPS matrix consists mainly of 
homo- and heteropolysaccharides. The EPS 
contain uronic acids, mostly glucuronic and 
aminosugars. For some bacteria the structure 
of EPS is already known. For example, 
Pseudomonas species produce alginate, 
Escherichia coli synthesizes colonic acid, 
and Bacillus cepacia – cepacian (Smirnova 
et al. 2010).

During the colonization stage of biofilm 
formation, concentration of the cells is 
enough for them to start interacting each 
other. The bacterial cell-to-cell communica-
tions occur on chemical and physical (via 
pili) levels. Cells can produce and sense mol-
ecules that allow the whole population initi-
ating a concerted action of structural and 
metabolic changes once a critical concentra-
tion (which depends on the population den-
sity) of the signaling molecule is reached, a 
phenomenon known as quorum sensing. 
Autoinducer 2 (AI-2) is suggested to be a 
universal bacterial signaling molecule, which 
is synthesized by the luxS product (Dagher 
et al. 2010). The quorum sensing is a possi-
bility for the cells to sense a combination of 
cell density, mass-transfer properties of the 
environment and spatial cell distribution, to 
estimate the efficiency of producing extra-
cellular effectors and to respond only when 
the response is efficient (Carnes et al. 2010).

c. Biofilm Maturation

With increasing cell density in the matrix, 
the distribution of cells becomes non- 
homogeneous. In addition, the diffusion 
nature of interactions between the matrix and 
the environment creates local gradients of 
substrates, products, AI-2, pH, and other 

growth components along the biofilm. The 
last process results in changes of cell mor-
phology (Smirnova et al. 2008) and leads to 
the differentiation of the microbial popula-
tion inside the biofilm in subpopulations 
with specialized functions (Dagher et al. 
2010). Continuous growth of the biofilm 
forms its 3-dimensional structure. The thick-
ness of biofilm varies from a few microns to 
centimeters depending on microbial species, 
biofilm age, nutrient availability and envi-
ronmental liquid hydrodynamic parameters 
(Cheng et al. 2010).

Simultaneously with biofilm formation, 
the dispersal of planktonic cells and the 
detachment of biofilm pieces happen. When 
the rate of biofilm formation is equal to the 
rate of the cell dispersal and the detachment 
of biofilm pieces, the biofilm reaches a 
steady state.

2. Acceleration of Natural Immobilization

Similar to artificial immobilization, natural 
immobilization or biofilm formation is the 
process of cell entrapment in polysaccha-
ride matrix. At the start of the operation, 
artificial immobilization using appropri-
ately adapted cells realizes higher rates of 
the target reactions. However, artificial 
immobilization has the long-term stability 
lower than natural biofilms. This conclusion 
comes from the consideration that cells in 
natural biofilms already have morphology 
and metabolism adapted to the immobilized 
state (Smirnova et al. 2010) and surrounded 
by the polymers of their own metabolism. 
The biofilms have optimal thickness adapted 
to the particular environment, substrates, 
toxins, and product concentrations. 
Therefore, natural immobilization is a pref-
erable approach for long-term operation. 
Unfortunately, biofilm formation is a slow 
process. For example, the natural biofilm of 
cyanobacteria in polyurethane foam cubes 
was formed for 2 weeks (Park et al. 1991), 
the biofilm of microalgae on glass tissue 
was formed for 2–3 weeks (Laurinavichene 
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et al. 2006), the biofilm of purple bacteria 
on glass beads – 60 days (Tian et al. 2010). 
Therefore, acceleration of biofilm forma-
tion is required for adopting this process in 
practical applications.

Looking at different stages of biofilm for-
mation, it becomes evident that the attach-
ment of the cells is the most difficult and 
time-consuming stage. If the attached cells 
are kept in the appropriate medium, the rate 
of biofilm formation is determined by the 
growth rate of microorganisms. Several ways 
for accelerating the attachment exist. The 
simplest is to use the support, which is favor-
able for the cell attachment. Here, different 
polymers with the positively charged surface 
are used. For example, cyanobacteria attach 
readily to hydrophilic polyvinyl or polyure-
thane foams due to non-specific interaction 
(Hall and Rao 1988). The next way is modifi-
cation of the substrate surface. For example, 
glass has the same, negative, charge as micro-
bial cells. There is a possibility to modify it 
by aminosilanes. For example, glass surface 
activated by 3-(2-aminoethylaminopropyl)-
trimetoxysilane was occupied by cells of 
 purple bacterium, Rhodobacter sphaeroides 

after 2 h (Tsygankov et al. 1993). In contrast, 
pure glass surface did not contain bacteria 
during the same incubation. After 3 days of 
continuous medium flow, the biofilm on the 
glass surface was formed with stable rate of 
hydrogen production at least for 40 days 
(Tsygankov et al. 1994). It was shown later 
that not only purple bacteria but also green 
algae and cyanobacteria attach readily to the 
activated glass surface (Tsygankov et al. 
1998b). Unfortunately, this procedure is not 
cheap and requires incubation of bacteria in 
distilled water for avoiding positive charges 
shading by different ions. Also, other meth-
ods of glass activation were studied: treat-
ment of the glass surface with sulfuric acid, 
with hydrophobic silane reagent, and with 
sodium hydroxide (Tekucheva et al. 2011). 
After 4 days of continuous medium flow, 
glass textile treated with sodium hydroxide 
contained highest quantity of bacteria as mea-
sured by the content of bacteriochlorophyll a 
(Fig. 14.2). Other authors also used sodium 
hydroxide glass treatment (Tian et al. 2010). 
Therefore, simple and cheap procedure for 
accelerating the first stage of biofilm forma-
tion on glass surfaces is available.

Fig. 14.2. The photobioreactors with Rhodobacter sphaeroides cells attached to the glass textile.

14 Cell Immobilization for H2 Photoproduction



330

III. Mechanical Support and 
Photobioreactors for Immobilized 
Photosynthetic Microorganisms

Ionic adsorption, gel entrapment, and bio-
films need a mechanical support. For immo-
bilization of photosynthetic microorganisms 
this support should not absorb light energy. 
In the case of smooth surfaces, it means that 
the surface should be transparent. When the 
support has complicated surface (foam, 
pores, cavities for the surface enhancement) 
even glass is not transparent but translucent. 
This mechanical support for biofilm forma-
tion in some cases is called as a matrix for 
immobilization (Tsygankov 2004). However, 
it is not correct: biofilm creates its own matrix 
on the support. A variety of inert light pene-
trable supports are available for immobiliza-
tion: glass, polyurethane, polyvinyl chloride, 
other transparent polymers in different forms 
and shapes as sheets (Fedorov et al. 1998), 
hollow fibers (Park et al. 1991; Markov et al. 
1993), polymeric screens (Kosourov and 
Seibert 2009), textiles made of glass fibers 
(Laurinavichene et al. 2006). Alternatively, in 
the case of entrapment of bacteria in gels, 
there is a possibility to form beads (Sasikala 
et al. 1992) or cubes (Kannaiyan et al. 1994) 
that can be placed directly in PhBRs.

The support with immobilized cultures 
should be placed in the vessel, which is 
called a photobioreactor. For immobilized 
heterotrophic bacteria a variety of bioreac-
tors with high performance exists (Cheng 
et al. 2010). They can be divided in two cat-
egories: fixed bed and expanded bed bioreac-
tors. Fixed bed reactors, where immobilized 
bacteria are fixed on static media, can be 
divided into submerged beds in which the 
biofilm particles are completely immersed in 
the liquid; trickling filters in which the liquid 
flows downward through the biofilm bed; 
rotating biological contactor, in which the 
biofilm develops on the surface of a partially 
submerged surfaces; membrane biofilm 
reactors in which the microbial layer is 
formed on a porous gas-permeable membrane. 
Expanded bed reactors contain biofilm with 

continuously moving media. They are divided 
into fluidized beds in which particles (bacte-
rial granules or pieces of the support with 
immobilized bacteria) move up and down 
within the expanded bed and moving beds in 
which the whole expanded bed circulates 
throughout the reactors, such as air-lift reac-
tor and circulating bed reactors.

Unfortunately, in the present state these 
reactors are not applicable for photosynthetic 
microorganisms due to the absence of light 
delivery. The problem of light delivery 
comes from the fact of light absorption by 
photosynthetic microorganisms. As a result, 
deeper layers of photosynthetic microorgan-
isms receive less light energy. In practice, 
suspensions with approximately 1 g dry bio-
mass of photosynthetic bacteria per liter 
decrease light intensity by 90 % after 1 cm of 
optical path. Therefore, PhBRs with immo-
bilized photosynthetic microorganisms 
should be constructed in such a way that 
incident light goes through them as short as 
possible. The following types of PhBRs are 
already described in the literature:

 – The column packed with beads or cubes of a 
support with immobilized microorganisms; 
light is delivered through transparent walls 
(Park et al. 1991).

 – The column packed with hollow fibers; light is 
delivered through transparent walls while 
hydrogen (the product of cyanobacterial pho-
tosynthesis) is extracted to the inner space of 
hollow fibers by decreased pressure (Markov 
et al. 1995).

 – The column packed with optical fibers; light is 
delivered through optical fibers and cells are 
immobilized around them (Matsunaga et al. 
1991).

 – The column packed with optical fibers; light is 
delivered through optical fibers and cells are 
immobilized around them. Optical fibers are 
covered by stainless steel mesh to increase the 
surface for biofilm formation (Guo et al. 2011).

 – Plate type PhBRs with sheets of porous 
glass (Tsygankov et al. 1994) or glass textile 
(Laurinavichene et al. 2006) for biofilm and 
with partitions for directed medium flow.

Anatoly Tsygankov and Sergey Kosourov



331

Unfortunately, the geometry of the PhBR 
itself cannot define the efficiency of hydro-
gen production by immobilized microorgan-
isms for several reasons:

 – The efficiency of light delivery to the whole 
set of microorganisms is defined by interplay 
between the thickness of illuminated layer 
and cell density. For PhBRs with suspension 
cultures, particular criteria for estimating this 
parameter were created (Tsygankov 2001a). 
The simplest one is the ratio of illuminated 
surface to the volume. However, it is not very 
accurate for scaling up (Tsygankov 2001a). 
In practice, nobody applied this criterion for 
comparison of PhBRs with immobilized cells. 
It remains unclear how to compare efficien-
cies of light delivery to PhBRs with different 
shapes and sizes.

 – The efficiency of substrate delivery, the prod-
uct outflow, and protection of cultures against 
toxins and non-optimal environmental condi-
tions depend on the PhBR geometry, mode of 
the process (batch or continuous), homogene-
ity of the liquid distribution, the rate of the 
process, as well as the concentration of immo-
bilized cells. All these parameters depend on 
each other. Therefore, the interaction of liquid 
and solid phases in the PhBR should be ana-
lyzed separately for each PhBR.

 – The concentration of immobilized cells should 
be as high as possible, taking into account the 
efficient light delivery and mass exchange 
between the cells and the liquid phase. This 
parameter defines the geometry of the support 
that should have as high surface as possible and 
the volume very close to the PhBR volume, tak-
ing into account light delivery and solid-liquid 
mass exchange. Otherwise, the volume of the 
PhBR will be used inefficiently and the volu-
metric rate will be lower than possible.

 – As a matter of fact, different strains of micro-
organisms have different abilities for hydrogen 
production, distinct demands for the medium 
and the light supplement. If a wrong culture 
is used, the best PhBR satisfying all the other 
criteria above will not produce hydrogen with 
the highest rate.

Analyzing the above-listed considerations, 
one could suggest that the rate of hydrogen 
production by immobilized photosynthetic 
bacteria measured per unit of the volume is 
the result of very complicated interplay 
between the shape of the PhBR, the effi-
ciency of its illumination, its mass transfer 
between solid, liquid, and gas phases, the 
shape of the support, concentration of cells 
in the support and in the PhBR, as well as the 
activity of cells.

IV. Hydrogen Production  
by Purple Bacteria

Purple non-sulfur bacteria are anoxygenic 
phototrophs. Due to the presence of only one 
photosystem they cannot use water as elec-
tron donor for photosynthesis and, therefore, 
do not produce oxygen. Instead of water, 
they utilize simple organics, reduced sulfur 
compounds, molecular hydrogen and some 
other reduced substrates.

Under combined nitrogen deficiency pur-
ple non-sulfur bacteria synthesize nitroge-
nase. This enzyme in reaction of nitrogen 
fixation produces 1 mol of H2 per 1 mol of 
fixed N2:

N e H ATP NH H
ADP Pi

2 3 28 8 16 2
16 16

+ + + ® +
+ +

- +

 (14.1)

When N2 is absent, all electron flows to nitro-
genase are directed to H2 synthesis:

2 2 4 4 42H e ATP H ADP Pi
+ -+ + ® + + .  (14.2)

Purple non-sulfur bacteria belong to the 
most active nitrogen fixers (Vignais et al. 
1985). Under the light and diazotrophic 
conditions, they produce H2 at high rates. 
Coupling of nitrogen fixation to anoxy-
genic photosynthesis allows purple bacte-
ria producing H2 gas at high rates that are 
accelerated in the absence (or deficiency) 
of nitrogen. Simultaneously, they con-
sume simple organics. These physiologic 
peculiarities allow researchers considering 

14 Cell Immobilization for H2 Photoproduction



332

 purple  bacteria as biocatalysts in systems 
of wastewater  treatment with simultaneous 
H2 production. Extensive studies on mech-
anisms (Vignais et al. 1985) and major 
factors influencing the process (for review 
see Akkerman et al. 2002), as well as opti-
mization of hydrogen photoproduction 
rates (Tsygankov et al. 1998a) were done 
using suspension cultures.

It was proved that immobilization of 
microorganisms is an efficient way of 
increasing the volumetric hydrogen produc-
tion rates (Brodelius and Vandamme 1987). 
The first attempts of entrapping the purple 
bacteria were done more than 30 years ago 
(Vincenzini et al. 1981, 1982a, b, 1986; 
Zurrer and Bachofen 1985; Tsygankov et al. 
1998a; Zhu et al. 1999a). These publications 
demonstrate that immobilized purple bacte-
ria can be packed at significantly higher con-
centrations than suspension cultures. As a 
result, immobilized systems produce H2 gas 
with higher volumetric rates than suspen-
sions (Tsygankov 2001b). They also showed 
more stable H2 production than suspensions 
and the time of operation close to 1,000 h 
(Tsygankov et al. 1994, 1998a; Tsygankov 
2004).

At present, the list of available supports and 
matrices for immobilization of purple bacteria 
includes: gels like agar, agarose, carrageenan, 
alginate (Planchard et al. 1984; Fissler et al. 
1995), PVA (Tian et al. 2009), agar with chito-
san (Zhu et al. 1999b), PVA with carrageenan 
and alginate (Wang et al. 2010), clay (Chen 
and Chang 2006), latex (Gosse et al. 2007). 
The range of supports for biofilms of purple 
bacteria expands from porous glass and 
smooth glass surfaces (Tsygankov et al. 1993) 
to polyurethane foam (Fedorov et al. 1998), 
glass textile (Tekucheva et al. 2011), glass 
beads (Tian et al. 2010), plastic optical fibers 
with additional mesh support around them 
(Guo et al. 2011). As reported in the papers, all 
matrices and supports showed good character-
istics. From a wide range of different methods 
used in immobilization of purple bacteria, it 
seems that the choice of the matrix or support 
is rather a preference of the authors than a 
necessity.

As a matter of fact, no any significant 
advances in the volumetric rate of hydrogen 
production by immobilized purple bacteria 
have been reported in the last two decades. In 
most cases, it is impossible to explain this 
phenomenon. In some cases, however, after a 
thorough analysis of published data one can 
conclude that authors did not take into 
account one or several interplaying parame-
ters that influence the final process.

V. Hydrogen Production by 
Immobilized Microalgae

Despite a quite extensive list of different 
techniques and approaches described for 
immobilization of microalgae, they were 
mainly devised for water purification and 
production of some valuable metabolites, 
but not for H2 photoproduction (Mallick 
2002, 2006). As an example, the different 
species of Chlorella, Scenedesmus, 
Chlamydomonas and Dunaliella immobi-
lized in alginate or carrageenan beads and 
screens, in polyvinyl or polyurethane foams 
and on hollow cellulose fibers were success-
fully applied for reduction of nitrogen and 
phosphorus contents in farm and industrial 
wastewater effluents (Travieso et al. 1992, 
1996; Kaya and Picard 1995; Robinson 
1998; Jimenez-Perez et al. 2004; Shi et al. 
2007). In some cases, the immobilized cells 
removed up to 95 % of inorganic nitrogen 
and up to 99 % of phosphates (Lau et al. 
1998). The immobilized microalgae were 
also applied for biosorption of heavy metals 
(Garnham et al. 1992; Moreno-Garrido et al. 
2005) and biodegradation of industrial pol-
lutants, including biocides, hydrocarbons 
and surfactants (Zhang et al. 1998; Semple 
et al. 1999). As biocatalysts, they showed 
promise in de novo biosynthesis of glycerol 
(Leon and Galvan 1995), hydrogen peroxide 
(Scholz et al. 1995) and (R)-1,2-propanediol 
(Hatanaka et al. 1999). More details on the 
environmental and industrial applications of 
immobilized microalgae can be found in 
recently published reviews (Moreno-Garrido 
2008; de-Bashan and Bashan 2010).
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The use of immobilized microalgae for H2 
photoproduction was limited until recently 
by an extremely low yield of H2 gas in algal 
cultures. As a result, the early research efforts 
were focused mainly on investigating the 
mechanisms of H2 evolution in suspensions. 
A few dozen algal species were tested for 
their ability to photoproduce H2 gas after 
the period of dark anaerobic adaptation 
(Boichenko and Hoffmann, 1994). It was 
discovered that some of them, but not all, are 
capable of direct water biophotolysis, a bio-
chemical reaction resulting in simultaneous 
accumulation of molecular hydrogen and 
oxygen in the same volume:

 H O Fd H O Fdox red2 22 2 1 2 2+ ↔ + ++ / ,  (14.3)

 2 2 22H Fd H Fdred ox
+ + « + .  (14.4)

The first reaction is typical to all oxygenic 
phototrophs, including plants and cyanobac-
teria. This process results in the release of 
oxygen in photosystem II (PSII) and simul-
taneous production of NADPH and ATP that 
are further utilized mainly in the CO2 fixa-
tion pathway. The reaction (14.4) is possible 
only under anaerobic conditions. The role 
of  this process in the physiology of green 
algae is still a matter of debate. Most proba-
bly, it serves as a regulatory valve preventing 
overreduction of photosynthetic apparatus 
in algae during their transition from dark 
anaerobic to light aerobic conditions (Appel 
and Schulz 1998; Boichenko et al. 2004). 
The reaction is driven by a special enzyme, 
[FeFe]-hydrogenase, that is extremely sensi-
tive to O2 (Ghirardi et al. 1997). The reaction 
proceeds at high initial rates and high light to 
hydrogen conversion efficiencies that raise a 
question about industrial applicability of the 
process in future (Boichenko et al. 2004). At 
the current point, however, water biophotoly-
sis cannot be sustained due to a rapid (within 
seconds) inactivation of [FeFe]-hydrogenase 
by O2 co-evolved in photosynthesis (Ghirardi 
et al. 1997).

The immobilization of green algae for 
long-term H2 photoproduction has become 

possible after the discovery of partial 
 inactivation of O2–evolving activity in 
algal cells in the absence of some essential 
 nutrients, mainly sulfur and phosphorus 
(Wykoff et al. 1998). Taking into account 
the experimental data obtained by Wykoff 
and co-authors, the collaborative group 
of researchers from UC Berkeley and 
National Renewable Energy Laboratory 
successfully applied a sulfur deprivation 
procedure to sustain H2 production in C. 
reinhardtii cultures (Melis et al. 2000). In 
these experiments, the long-term H2 pho-
toproduction was possible due to a meta-
bolic switch occurring in sulfur- deprived 
algal cells that separated temporarily the 
O2-evolving (the reaction 14.3 above) and 
H2-producting (the reaction 14.4) stages in 
the same culture (Ghirardi et al. 2000). 
The later studies showed that the same 
principle works for phosphorus- (Batyrova 
et al. 2012) and nitrogen-depleted (Philipps 
et al. 2012) microalgae. Although the over-
all efficiency of H2 evolution in nutrient-
deprived cultures was shown far below the 
capacity of direct biophotolysis (Melis 
2007; Ghirardi et al. 2000), this approach 
allowed sustaining the process for several 
days (Melis et al. 2000; Kosourov et al. 
2002). As a result, the nutrient-deprivation 
protocol has become a platform for testing 
the performance of a variety of algal 
mutants, growth conditions and other engi-
neering factors, including different immo-
bilization techniques.

The original sulfur deprivation procedure 
requires repetitive washing of cells in sulfur- 
free medium by centrifugation (Melis et al. 
2000). Furthermore, H2 photoproduction in 
the batch cultures can be repeated several 
times by rejuvenating the cells in sulfur- 
containing medium (Ghirardi et al. 2000). The 
fact that algae are suspended in a liquid phase 
makes it difficult to cycle the batch system 
between rounds of sulfur deprivation and sul-
fur re-addition without large energy input for 
the required centrifugation steps. In attempt-
ing to overcome this barrier and increase the 
overall duration of the process, two indepen-
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dent research groups  immobilized sulfur-
deprived C. reinhardtii cultures using different 
solid supports (Laurinavichene et al. 2006, 
2008; Hahn et al. 2007).

Laurinavichene et al. (2006) immobilized 
a wild-type C. reinhardtii strain, 137C mt+ 
and a non-motile mutant, CC-1036 pf18 mt+ 
on glass fiber matrices having a linen-like 
structure. The alga with paralyzed flagella was 
supposed to have a better attachment to the 
glass surface. Both strains, however, exhi-
bited similar immobilization properties. 
Different glass fiber matrices with different 
water absorption properties were tested and 
the best (TR-03) was selected for further work. 
All of these matrices are available in the 
industrial scale at very low cost. The authors 
used two methods for attachment. In the 
quick immobilization procedure, glass was 
activated by 3-(2-aminoethyl- aminopropyl)-
trimethoxysilane (Tsygankov et al. 1994) 
and matrices were placed in cell suspensions 
for 2.5 h. This approach resulted in the 
glass matrices having below 60 mg total Chl 
per m2. In the second procedure, algae were 
allowed to colonize glass surfaces in a natu-
ral way. The matrices were incubated with 
cells for about 2 weeks during the growth 
phase on a regular medium. This approach 
produced matrices with significantly higher 
cell densities (about 570 mg total Chl per 
m2). Independently of the technique used, 
immobilization of algal cells on glass fiber 
matrices significantly increases the duration 
of H2 photoproduction in sulfur- deprived 
algae (up to 4 weeks) with the specific rate 
similar to suspension cultures. Both 
approaches use the property of microalga to 
form biofilm. However, in the first one the 
biofilm formation was accelerated (see 
above). In the best case, the immobilized 
cells produced H2 gas with the rate of about 
6.5 μmol H2 (mg Chl h)−1. In comparison, 
sulfur-deprived suspension cultures produce 
H2 with a maximum specific rate usually 
ranging from ~4 to ~6 μmol H2 (mg Chl h)−1 
(Kosourov et al. 2002), although under the 
most favorable conditions, rates as high as 
9.5 μmol H2 (mg Chl h)−1 have been observed 
(Kosourov et al. 2003). The average rate in 

algal cultures immobilized on glass fiber 
matrices on a per volume basis was around 
4 ml H2 (LPhBR h)−1 and the maximum was 
9.2 ml H2 (LPhBR h)−1 (Laurinavichene at al. 
2006). The following studies with either a 
constant flow of the medium containing 
micromolar sulfate concentrations or cycling 
immobilized cells between minus and plus 
sulfate conditions improved the duration of 
H2 production up to at least 3 months 
(Laurinavichene at al. 2008). Nevertheless, 
due to irregular colonization of glass fibers 
by the algal cells, the system showed signifi-
cant physical and physiological heterogene-
ities in different parts of the matrix, resulting 
in irregular light and nutrient distributions. 
The authors found that algae had a very high 
photochemical activity in some parts of the 
matrix and evolved oxygen instead of hydro-
gen. Produced O2 inhibited H2 photoproduc-
tion activities in other algae. As a result, the 
efficient H2 production in this system 
required continuous argon flow for mixing 
and gas removal.

Hahn et al. (2007) attached C. reinhardtii 
cells to the fumed silica particles. The study 
was based on the principle that the fixed 
cells can be cycled between sulfate reach 
and  sulfate free environments via filtration, 
thus, eliminating the expensive centrifuga-
tion steps. Similar to Laurinavichene et al. 
approach, the immobilization was done 
through a natural colonization of algal cells 
on the silica particles during the growth 
phase. In the initial experiment, the authors 
also tried glass beads as a support without 
success. The study showed that the algae 
bound to the fumed silica particles produce 
H2 gas at a very similar rate to free-floating 
algae. It is important to note here that these 
experiments were also done with a suspen-
sion of algae/silica particles that should not 
give any significant advantage in the light 
utilization as compared to free-floating 
algae. Unfortunately, the authors did not 
provide any information about the rates 
of  H2 production allowing the precise 
 estimation of H2 photoproduction effi-
ciency. However, based on the total H2 pho-
toproduction yields anyone can conclude 
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that the  suspended  silica particles carrying 
 microalgae utilize light not better than the 
free-floating cells.

Although very cheap, natural immobiliza-
tion techniques resulted only in a very slight 
improvement in the light to hydrogen con-
version efficiency in the nutrient-deprived 
microalgae as compared to the suspension 
cultures (Ghirardi 2006), but led to a signifi-
cant prolongation of H2 photoproduction 
period (Laurinavichene at al. 2008). Trying 
to improve the light absorption properties of 
immobilized microalgae, Kosourov and 
Seibert (2009) entrapped C. reinhardtii cells 
within thin alginate films. The technique was 
based on the idea of thin layer cell immobili-
zation into the thin nanoporous latex coat-
ings (Flickinger et al. 2007; Lyngberg et al. 
2001). The entrapment of phototrophic cells 
into the polymer allows a very precise con-
trol of the cell density inside the coatings and 
their thicknesses that, in the ideal case, must 
provide the immobilized cells with the best 
environment for light distribution. Indeed, 
Gosse and co-authors (2007) observed an 
improvement in the rate of H2 photoproduc-
tion in phototrophic bacterium, Rp. palus-
tris, entrapped within thin nanoporous latex 
coatings as compared to suspension cultures. 
Unfortunately, viability of green algae could 
not be maintained during the drying process 
inherent to regular latex film formation (JL 
Gosse, S Kosourov, M Seibert and MC 
Flickinger, unpublished, 2013). Therefore, 
Kosourov and Seibert (2009) used alginate 
for entrapment of H2-producing C. rein-
hardtii cells. The switch to alginate signifi-
cantly improved the cell viability and 
reactivity of the coatings, but decreased their 
mechanical stability, as expected. The 
mechanical stability of the system was 
improved by introducing a special template 
consisting of a polymer insect screen placed 
over the sticky side of a wide adhesive tape. 
In this configuration, the alginate films with 
entrapped algae survived for up to 1 month. 
They also demonstrated high cell densities 
(up to 2,000 μg Chl per mL of the matrix) 
resulting in the specific rate of H2 evolution 
up to 12.5 μmol H2 (mg Chl h)−1, which is 

almost three-times higher than in  suspensions 
(~4 to ~6 μmol H2 (mg Chl h)−1; Kosourov 
et al. 2002), but the rates in suspensions were 
obtained at significantly higher light intensi-
ties (200 μE m−2 s−1 PAR in suspensions vs. 
62 μE m−2 s−1 PAR in alginate films). As a 
result, the conversion efficiency of incident 
light energy into energy of the H2 gas in algi-
nate films at 62 μE m−2 s−1 PAR was above 
1.5 % for the period of the maximum H2-
production rate and was close to 1 % for the 
whole period of nutrient deprivation. These 
values are significantly higher than the val-
ues reported for immobilized on glass fibers 
(0.36 %) and suspension (0.24 %) C. rein-
hardtii cultures, but calculated at much 
higher light intensities: 120 and 200 μE 
m−2 s−1 PAR, respectively (Ghirardi 2006). 
The above efficiencies, however, are given 
only for comparison reasons and could not 
be used for the estimation of the real light to 
H2 conversion efficiency in microalgal cul-
tures since in all cases they were calculated 
in the presence of acetate in the medium.

As discussed above, entrapment of micro-
bial cells into the alginate polymer protects 
them against adverse environmental condi-
tions. Following this common property of 
gel entrapments, microalgae immobilized 
within alginate films showed a high resis-
tance of their H2-photoproducing system to 
inactivation by atmospheric oxygen. In well- 
mixed suspensions even trace amounts of O2 
in the PhBR headspace inhibit H2 photopro-
duction (Ghirardi et al. 2000). In contrast, 
the algal cells entrapped in alginate films and 
placed in vials containing 21 % O2 in the 
headspace evolved up to 67 % of the H2 
gas produced under anaerobic conditions 
(Kosourov and Seibert 2009). The lower sus-
ceptibility of the immobilized algal H2- 
producing system to inactivation by O2 was 
caused by the higher rate of respiration in the 
dense film and the capability of the alginate 
polymer itself to effectively separate the 
entrapped cells from O2 in the liquid and 
headspace and restrict O2 diffusion into the 
matrix. The alginate polymer, however, slows 
down diffusion of O2 not only from the atmo-
sphere to the film, but also from the film to 
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the atmosphere. Under high light  conditions, 
this affects immobilized algae oppositely 
preventing the efficient release of O2 origi-
nated in PSII from the cells and decreasing 
the overall H2-photoproduction perfor-
mance of alginate films (Kosourov et al. 
2011). In the paper mentioned above, the 
authors partly solved the problem by immo-
bilizing the C. reinhardtii mutants with trun-
cated light-harvesting antennae. Although 
the CC-4169 strain affected in the TLA1 
gene also experienced photoinhibition 
under high light, it produced significantly 
more H2 gas than the parental CC-425 
strain. Unfortunately, CC-425 itself showed 
very low specific rates of H2 photoproduc-
tion under all light intensities tested, thus, 
making difficult any comparison of the 
daughter CC-4169 strain with better H2-
producers. Nevertheless, this work was the 
first report on the increase performance of 
H2 photoproduction under high light in the 
alga with truncated light-harvesting antenna 
complexes.

The low mechanical stability of the algi-
nate polymer, especially in the presence of 
such chelating agents as phosphates that are 
very important for the cell metabolism, con-
tinued the efforts of the researchers to find a 
more stable and cheap material for microal-
gae immobilization. The most interesting 
advance in this direction was done recently 
with immobilization of cells into the latex 
polymer (Gosse et al. 2012). The authors 
described a latex wet coalescence method for 
gas-phase immobilization of microorganisms 
on a filter paper, which does not require dry-
ing for adhesion. In this approach, the mix-
ture of algal cells or other microorganisms in 
latex is dropped on the top of the filter paper 
strip. Then, the paper strip is partly sub-
merged into the medium allowing the coated 
cells staying in the vial headspace. Since the 
paper is wet throughout the experiment, the 
full latex polymerization does not occur, but 
latex does allow binding of the cells to the 
paper surface. This method is applicable for 
microorganisms that do not tolerate desicca-
tion stress during latex drying. Interestingly, 
in contrast to a regular latex immobilization 

technique, wet C.  reinhardtii coatings retain 
cell reactivity throughout the experiment 
(~250 h) as measured by oxygen gas evolu-
tion or CO2 consumption (Gosse et al. 2012). 
More inte restingly, C. reinhardtii cells showed 
even higher CO2 consumption and O2 
 evolution rates than the cyanobacterium, 
Synechococcus sp. PCC7002 placed under 
the same conditions. As an example, the 
Chlamydomonas and  Synechococcus coat-
ings consumed CO2 at the rate of about 3.9 
and 3.6 mmol CO2 m−2 h−1 and produced O2 
at the rate of about 10.2 and 5.0 mmol O2 
m−2 h−1, respectively. The coatings also toler-
ated 20 % CO2 in the PhBR headspace. These 
observations indicate that the latex polymer 
itself is not toxic to the cells and that the via-
bility of algal cells in the latex coatings 
depends drastically on the presence of water. 
The reactivity of wet coatings can further be 
improved by increasing the coating surface 
area and cell density in the latex emulsion. 
Another advantage of wet cell binding to the 
filter paper is that the technique significantly 
increases the transfer rates for the gases 
allowing faster consumption of CO2 by the 
cells and faster release of O2 and H2 gases 
from the cells to the PhBR headspace. Since 
H2 photoproduction in microalgae decreases 
significantly with increasing the H2 partial 
pressure (Kosourov et al. 2012), the faster 
release of H2 gas from the coatings may fur-
ther improve the rates and yields of H2 photo-
production. Taking into account the above 
findings, the latex wet coalescence method 
should be considered as a suitable approach 
for generation of H2 gas by immobilized 
microalgae, especially under autotrophic 
conditions.

The vast majority of experiments on H2 
production by nutrient-deprived microalgae 
have been done so far with C. reinhardtii 
cultures. However, other species of green 
algae also produce H2 gas under this condi-
tion (Winkler et al. 2002; Skjanes et al. 2008; 
Meuser et al. 2009). Some of these strains 
show very efficient H2 photoproduction in an 
immobilized state. For example, Song et al. 
(2011) immobilized Chlorella sp. into the 
square (0.5 × 0.5 × 0.5 cm) pieces of agar. 
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Although the system was not perfect in terms 
of light and nutrients distribution as com-
pared to the thin-layer immobilization 
approach, sulfur-deprived Chlorella cells 
produced H2 gas with the maximum rate 
above 23 ml H2 h−1 per LPhBR. This rate, how-
ever, was observed for a short period of time 
(less than 10 h) in the presence of 30 mM 
glucose. Nevertheless, under these condi-
tions immobilized Chlorella cultures yielded 
around 500 mL H2 gas per LPhBR for less than 
40 h. Under photoautotrophic conditions, 
when only CO2 was used as a carbon source, 
the alga yielded up to 160 ml H2 h−1 per LPhBR 
that corresponds to the average rate of 
~3 ml H2 h−1 per LPhBR. The system also dem-
onstrated the multiple cycles of H2 photo-
production after periodic restorations of 
algal cultures in the full (sulfur-containing) 
medium both under photoheterotrophic 
(+glucose) and photoautotrophic (+CO2) 
conditions. In the presence of glucose, 
authors observed up to ten cycles of H2 pro-
duction in immobilized Chlorella cultures 
with the average yield of 460–480 mL H2 
per LPhBR for the each cycle. Information on 
other species of microalgae capable of H2 
photoproduction in immobilized state is 
very limited. There are data that the marine 
green alga, Platymonas subcordiformis pro-
duces H2 gas when entrapped in alginate 
beads (Guan et al. 2003). Similar to C. rein-
hardtii, algae released H2 gas in the two-
stage process. However, the efficient H2 
photoproduction in Platymonas was only 
observed in the presence of carbonyl cyanide 
m- chlorophenylhydrazone (CCCP), an 
uncoupler of photophosphorylation (Guan 
et al. 2004).

From all the above-mentioned examples it 
becomes obvious that the immobilization 
approach can bring significant advances to 
H2 gas photoproduction in microalgae. It not 
only improves the volumetric rate of hydro-
gen production, but also allows their easy 
cycling between nutrient-replete and nutrient 
deprived stages. In addition, immobiliza-
tion  simplifies a continuous flow of liquid 
media through the PhBR. As a result, micro-
algae produce H2 gas more efficiently and for 

 longer periods of time as compared to the 
 suspensions. Nevertheless, at the current 
state the rates of H2 photoproduction in 
immobilized algal cells are still not high 
enough for the industrial H2 production sys-
tems to be viable. Here, the most important 
barrier is a high sensitivity of the process to 
molecular oxygen, either atmospheric or co- 
evolved in photosynthesis. Although entrap-
ments of algal cells into the alginate polymer 
showed us how to defend the H2-producing 
system from inactivation by atmospheric O2, 
immobilization itself cannot protect the 
hydrogenase enzymes from O2 originated in 
photosynthesis. The situation is more dra-
matic in autotrophic cells, where O2 respira-
tion depends solely on the level of stored 
carbohydrates (Tsygankov et al. 2006). In 
this case, the PhBR with immobilized algae 
should be constructed in the way allowing a 
fast release of O2 from the cells to the atmo-
sphere, but, if possible, preventing its back 
diffusion to the cells. The next issue, which 
is waiting for technological solution, is the 
direct dependence of H2 photoproduction in 
microalgae on the H2 partial pressure in the 
gas phase above the culture (Kosourov et al. 
2012). Inhibition of H2 photoproduction in 
algal cells by increasing levels of H2 gas can 
be eliminated in the hybrid system (Dante 
2005), where H2 production is tightly cou-
pled to its consumption in a fuel cell for elec-
tricity generation.

VI. Hydrogen Production by 
Immobilized Cyanobacteria

Cyanobacteria, phototrophic O2-evolving 
prokaryotes, are other good candidates for 
generation of H2 gas in the artificial systems. 
These organisms perform oxygenic photo-
synthesis using the same pathway as green 
algae and high plants, which includes four 
major multiprotein complexes: PSII, cyto-
chrome b6f, PSI and ATP synthase. Similar 
to green algae, they split water in the light 
and store energy in the form of NADPH and 
ATP that are consumed in CO2 fixation via 
the Calvin-Benson- Bassham cycle and used 
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in other energy- dependent metabolic path-
ways. Cyanobacteria display a relatively wide 
range of morphological diversity, including 
unicellular, filamentous, and colonial forms 
(Tamagnini et al. 2007). Some filamentous 
strains form differentiated cells called hetero-
cysts that are specialized in N2 fixation.

The vast majority of cyanobacterial strains 
are capable to indirect water biophotolysis 
resulting in the production of H2 gas either in 
the light or in the dark. The light- dependent 
process of H2 production is usually linked to 
N2 fixation and is catalyzed by the nitroge-
nase enzyme (see Eq. 14.1 above). The 
release of 1 mol of H2 per 1 mol of fixed N2 
occurs only under optimal conditions 
(Tsygankov 2007). If the amount of nitrogen 
is insufficient, hydrogen is released at higher 
rates. Under the condition of complete 
absence of nitrogen, nitrogenases catalyze 
solely the reduction of protons to H2, thus 
decreasing the ATP requirement of the 
 process from 16 to 4 mol per mole of H2 pro-
duced (see Eq. 14.2). Although H2 photo-
production via nitrogenases is rather efficient 
process, the wild-type strains do not accumu-
late H2 gas in the cultures under normal con-
ditions due to the presence of uptake 
(hup-encoded) hydrogenases in the cells that 
recycle the produced H2 gas (Tamagnini et al. 
2002). In some non-N2- fixing cyanobacteria, 
molecular hydrogen is produced in the light 
by the [NiFe]-bidirectional (hox-encoded) 
hydrogenase in a manner similar to H2 pro-
duction in green algae (see the reactions 14.3 
and 14.4 above). However, in contrast to the 
green algal [Fe-Fe]-hydrogenases, the hox-
encoded hydrogenases are NADH/NADPH-
dependent enzymes (Vignais and Billoud 
2007; Carrieri et al. 2011). Hydrogen pho-
toproduction via [NiFe]-bidirectional 
hydrogenases in cyanobacteria is a transient 
phen omenon usually lasting less than 30 s in 
the light and is followed by H2 uptake (Appel 
et al. 2000; Cournac et al. 2004). It serves as 
an electron valve for the disposal of low-
potential electrons generated at the onset of 
illumination, thus preventing over-reduction 
of the photosynthetic electron-transport chains 
or for additional electron donation to the 

electron- transport chains in the presence of 
H2 (Appel and Schulz 1998; Appel et al. 
2000). In addition to the light-dependent H2 
evolution, some cyanobacteria are capable of 
releasing H2 gas in the dark via the hox-
encoded hydrogenases (Tsygankov 2007). 
This process regenerates NADP+ from 
NADPH during fermentation allowing 
catabolism of endogenous carbohydrates to 
proceed (Carrieri et al. 2011). Some species, 
like Gloeocapsa alpicola and Arthrospira 
maxima, evolve significant amounts of H2 
gas via the hox-encoded hydrogenases, espe-
cially under the stress conditions (Troshina 
et al. 2002; Ananyev et al. 2008).

Due to a significant diversity of H2 metab-
olism in cyanobacteria and extensive litera-
ture on the topic, in the current review we 
will consider only the most interesting and 
promising approaches used for immobiliza-
tion of H2-producing cyanobacteria. Starting 
from the natural colonization techniques, we 
should first mention a series of works on 
immobilization of the N2-fixing heterocys-
tous cyanobacterium Anabaena variabilis on 
hollow fibers (Markov et al. 1993, 1995). 
Entrapment of algal cells on hollow fibers 
has a numerous different advantages. The 
material is relatively cheap and non-toxic to 
the cells. It also has a very large surface-to- 
volume ratio, which allows the design of 
compact systems. Markov et al. (1995) tested 
the degree of cell immobilization on the dif-
ferent hollow fibers and found the better 
attachment of Anabaena cells to hydrophilic 
cellulosic over than hydrophobic polysul-
phone fibers. Without CO2 re-additions, the 
immobilized cells produced H2 gas at rates 
of 0.02–0.2 ml H2 h−1 per mg dry weight for 
up to 5 months (Markov et al. 1993). 
However, the maximum rate was observed 
only in the first 3 days. The following 
decrease in the rate of H2 photoproduction to 
a low steady-state level was caused by the 
lack of CO2 in the system. Re-additions of 
CO2 to the PhBR not only solved the prob-
lem, but also improved the rate up to 
20 ml H2 h−1 per mg dry weight (Markov 
et al. 1995). In this system, however, 
Anabaena cells did not produce H2 gas 
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 during the photosynthetic, CO2-consuming 
phase that usually lasts for few days. Such a 
two-phase system was maintained continu-
ously for over 1 year. The importance of CO2 
for hydrogen photoproduction in N2-fixing 
cyanobacteria emphasizes the role of 
 photosynthetic apparatus of vegetative cells 
in satisfying the high-energy demand of 
nitrogenase-driven processes in heterocysts. 
The long-term experiments with Anabaena 
cells entrapped onto hollow fibers also dem-
onstrated the importance of periodic re- 
additions of nitrogen to the system since it is 
required to support cell metabolism.

A variety of cyanobacteria show a high 
natural adhesion to glass. This property is 
used for the attachment of cyanobacterial 
cells to different glass substrates. When 
attached, cultures start growing and making 
a very thin biofilm on the surface of the 
glass. Using the high adhesion property of 
the cells, Serebryakova and Tsygankov 
(2007) successfully entrapped unicellular 
Gloeocapsa alpicola CALU 743 on the glass 
fiber matrices. When grown on a regular 
BG11 medium, cells uniformly covered the 
surface of glass within 7–8 days. The total 
density of the culture achieved ~765 mg Chl 
a per m2 matrix that is significantly higher 
than in immobilized C. reinhardtii cultures 
(570 mg total Chl per m2 of the same matrix). 
Gloeocapsa alpicola cells produce H2 gas 
via the hox-encoded hydrogenase in the dark 
during fermentation of endogenous glycogen 
(Serebryakova et al. 1998). Nitrate limitation 
significantly improves H2 production rates 
since under this condition cells accumulate 
glycogen up to 50 % of dry weight (Troshina 
et al. 2002). For efficient H2 production, 
Serebryakova and Tsygankov (2007) applied 
a two-stage principle allowing effectively 
accumulate glycogen under nitrate starvation 
during the photosynthetic stage and utilize it 
for H2 during the dark period. Up to ten 
cycles of H2 production were demonstrated 
by the authors. The experiments were done 
under continuous flow of the medium 
(15 mL h−1) with periodic (during the dark 
period) purging of the bioreactor by argon 
(400–800 mL h−1). Increase in the argon flow 

rate improved the rate of H2 production since 
the hox-encoded hyrogenase catalyzes the 
reversible process, which depends signifi-
cantly on the H2 partial pressure. The argon 
and medium flows also removed CO2 and 
acetate from the system, thus preventing 
their negative influence on the process. 
Under the best conditions, Gloeocapsa 
alpicola cells immobilized on glass fiber 
matrices produced H2 gas at the average rate 
of about 20 mL H2 h−1 L−1

matrix, which is sig-
nificantly higher than the rates observed in 
suspensions (6 mL H2 h−1 L−1 with argon flow 
rate of 2 L h−1).

The entrapment of cyanobacterial cells 
into the polymeric materials in the form of 
beads or films also significantly improves the 
volumetric rates of H2 production. Here, the 
N2-fixing cyanobacteria are good candidates 
for immobilization since the entrapment of 
the cells into the polymer matrix provides 
additional protection of their nitrogenase 
enzyme from inactivation by atmospheric 
O2. A study of H2 photoproduction by the 
non-heterocystous filamentous marine cya-
nobacterium, Oscillatoria sp. immobilized 
in rectangular (1 × 1 × 0.2 cm) pieces of 
1.5 % agar showed that the rate and longev-
ity of H2 evolution increased significantly 
compared to the free cell suspensions (Phlips 
and Mitsui 1986). The authors observed the 
rates above 13 μL H2 g−1 dry weight h−1. 
Immobilization sustained the process for at 
least 3 weeks and allowed to drive the pro-
cess under outdoor light conditions. 
Interestingly, in contrast to other N2-fixing 
cyanobacteria, Oscillatoria sp. Miami BG7 
has a negligible H2 uptake activity (Kumazawa 
and Mitsui 1985) that prevents recycling of 
H2 gas accumulated in cells and in the agar 
matrix. As a result, cells photoproduce H2 
more efficiently. The enhanced H2 photopro-
duction, as compared to the suspension 
cultures, was also observed in another non-
heterocystous filamentous cyanobacterium, 
Plectonema boryanum immobilized in algi-
nate beads (Sarkar et al. 1992). H2 produc-
tion in this strain was accompanied by the 
release of ammonia in the medium. Another 
interesting observation was that the additions 
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of 24 % N2 into the gas phase containing 
72 % Ar and 4 % CO2 stimulated the H2 pho-
toproduction rate twofold as compared to the 
PhBRs containing only argon and CO2 in the 
headspace. Usually, the presence of N2 inhib-
its H2 evolution driven by the nitrogenase 
system (see the reactions 14.1 and 14.2 
above). Although the authors did not explain 
this effect, one could suggest that stimula-
tion was caused by the decreased diffusion of 
N2 through the alginate matrix, limiting the 
steady-state level of N2 inside the cells. 
Nitrogen at low concentrations, however, 
supports the cell metabolism and may pro-
long H2 photoproduction period. Indeed, the 
authors observed such prolongation. In the 
presence of N2, immobilized cultures pro-
duced H2 gas for up to 12 days (7 days in Ar/
CO2 atm).

The cyanobacteria capable of H2 release in 
the dark via a two-stage process were 
entrapped into the gels as well. Unicellular 
non-N2-fixing cyanobacterium, Microcystis 
aeruginosa is good example (Rashid et al. 
2009, 2012). Similar to Gloeocapsa alpicola, 
this organism accumulates considerable 
amounts of glycogen during the photosyn-
thetic stage. Subsequent fermentation in the 
dark produces H2 gas. In contrast to experi-
ments with G. alpicola, where nitrate starva-
tion was used, Rashid et al. (2009) applied 
sulfur deprivation to the cultures entrapped 
into 1.5 % agar pieces during the H2 produc-
tion stage. Since the rates of H2 evolution 
were not very significant (1.5–2 mL H2 h−1 L−1), 
the authors introduced glucose to the medium. 
The externally added glucose improved the 
maximum H2 production rate in the immobi-
lized cultures up to 17 mL H2 h−1 L−1 
(34 mL H2 h−1 L−1

matrix). Under these condi-
tions, the average rate was about 
13 mL H2 h−1 L−1. The system also demon-
strated the multiple cycles of H2 production 
(Rashid et al. 2009, 2012).

The entrapment of cells in thin films 
instead of beads or rectangular pieces leads to 
a more efficient light utilization. Following 
this idea, Leino et al. (2012) immobilized cells 
of two N2-fixing heterocystous  cyanobacteria, 
Calothrix 336/3 and Anabaena PCC 7120 

(wild-type and ΔhupL strains) within thin 
alginate films. In all cases, efficient H2 photo-
production was observed in vials containing 
6 % CO2 in argon. Re-additions of CO2 gas 
into vials were important for restoration of 
the H2 photoproduction activity in cells and 
allowed several cycles of H2 photoproduction 
to occur. Without CO2 supplementations, the 
immobilized cultures of Calothrix and 
Anabaena stopped H2 photoproduction after 
the first cycle. Cyanobacteria entrapped in 
alginate films release H2 gas simultaneously 
with O2 evolution. Simultaneous production 
of molecular H2 and O2 is typical to all het-
erocystous cyanobacteria and observed in 
suspensions as well (Tsygankov et al. 2002). 
As expected, the wild-type Anabaena strain 
having the uptake hydrogenase produced sig-
nificantly less H2 gas than the ΔhupL since 
alginate slows down the release of H2 from 
the film to atmosphere, thus allowing re-
cyclization of produced H2 gas via the uptake 
hydrogenase, especially at high O2 concentra-
tions. On the contrary, Calothrix 336/3, 
which also possesses hupSL genes, in some 
cases demonstrated even higher the H2 photo-
production activity than the ΔhupL mutant 
without uptake hydrogenase. Most probably, 
Calothrix cells do not have the real H2-
uptaking activity despite the presence of 
hupSL genes. Immobilization in alginate 
films had a positive effect on cell viability. 
All three strains, the Calothrix 336/3, wild- 
type Anabaena and ΔhupL cells, were viable 
for over 10 months in the initial nutrient 
media without additions of CO2. Interestingly, 
the alginate films with entrapped cyanobacte-
ria were more mechanically stable than the 
films with entrapped green algae. The maxi-
mum specific rates of H2 photoproduction 
were 35, 9 and 30 μmol H2 (mg Chl a h)−1 for 
Calothrix 336/3, wild-type Anabaena and 
ΔhupL cultures, respectively. These rates are 
significantly higher than the rates observed in 
C. reinhardtii cultures immobilized approxi-
mately under the same conditions.

Another interesting technique developed 
for immobilization of H2-producing cyano-
bacteria is the entrapment of cells within 
sol- gel silica matrices. This approach has 
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never been reported successful for immobili-
zation of H2-producing green algae. However, 
some non-H2-producing microalgae, like 
Haematococcus pluvialis survived through 
the immobilization procedure (Fiedler et al. 
2007). Recently, Dickson et al. (2009) immo-
bilized the cyanobacterium, Synechocystis 
sp. PCC6803 and its mutant, M55 deficient 
in the NDH-1 complex into silica matrices 
using tetraethoxysilane (TEOS), tetrame-
thoxysilane (TMOS) and methyltriethoxysi-
lane (MTES) as precursors in the sol-gel 
reaction. Glycerol and polyethylene glycol 
(PEG 400) were used as additives helping to 
increase porosity of the matrix and reduce 
osmotic stress on the encapsulated cells. H2 
photoproduction driven by the hox-encoded 
hydrogenase was measured under the light/
dark exposure (2 min on/18 min off) for up 
to 5 days. The results showed that H2 photo-
production rates from encapsulated cells in 
most cases were comparable to the rates in 
suspensions, confirming the activity of 
encapsulated cells. Although the process is 
currently far from optimized, it provides a 
proof of the concept demonstrating the abil-
ity to achieve measurable amounts of H2 gas 
from sol-gel encapsulated cells.

Despite extensive investigations over the 
last few decades, a real potential of cyano-
bacterial species to produce H2 gas has not 
been fully explored. If compared to other 
phototrophs, these organisms have several 
significant advantages. The first and the most 
important is that they are capable of produc-
ing H2 gas under truly autotrophic condi-
tions. Although green algae can do the same, 
at the current state efficient H2 evolution in 
their cultures requires the presence of acetate 
or glucose in the medium. As a rule, H2 pho-
toproduction in N2-fixing cyanobacteria is 
very stable to O2 inactivation due to a range 
of different protection mechanisms. Some 
cyanobacteria can produce H2 gas in the 
presence of atmospheric levels of O2 and 
above. In addition, cyanobacteria can easily 
adapt to periodic light environment and drive 
H2 production under solar light intensities. 
This makes the process possible under out-
door conditions. These advantages  emphasize 

the importance of future research in this 
direction, including application of different 
immobilization techniques.

VII. Concluding Remarks

Although many photosynthetic microorgan-
isms are capable of producing H2 gas utiliz-
ing either water or organic substrates, so far, 
there are no any commercial applications of 
the process. One of the major bottlenecks for 
a large-scale H2 generation using photo-
trophs is the low volumetric rate of H2 photo-
production for all known pathways. From a 
practical point of view, however, the applica-
tion of photosynthetic microorganisms is a 
great advantage since their cultures require 
only solar energy and relatively small 
amounts of other inputs for growth and oper-
ation. Presumably everyone will agree that a 
significant improvement in the rate of H2 gas 
generation will be possible only after 
understanding all barriers limiting H2 photo-
production in the particular group of photo-
synthetic microorganisms and generating 
mutants capable of overcoming these barri-
ers. Nevertheless, there is still a space for 
technological improvements.

For example, the problem of inhomoge-
neous light distribution in the suspension 
culture with constantly increasing biomass 
can be partly solved by immobilizing the 
cells. As discussed above, thin-layer cell 
immobilization has already improved the 
light to H2 conversion efficiency above 1 % 
in green algal cultures and slightly increased 
the specific rates of H2 photoproduction both 
in green algae and purple bacteria. A combi-
nation of thin-layer immobilization with 
appropriate photobioreactor geometry 
significantly increased volumetric rate of 
hydrogen production, as was shown for pur-
ple bacteria (Tsygankov et al. 1994). The 
light to H2 conversion efficiency can further 
be improved by co-immobilizing different 
mutants (for example, the wild-type strain 
and mutants with truncated light-harvesting 
antennae) or different organisms (for example, 
purple bacteria and green algae). In addition, 
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cell immobilization significantly simplifies 
the culture maintenance in the PhBR and, 
thus, decreases the overall cost of the system 
operation. Nevertheless, the material for 
entrapping phototrophic cultures should be 
non-toxic to the cells, transparent, stable, 
available in industrial quantities, made from 
a renewable source and cheap. At this point, 
there are no such materials that satisfy all 
requirements. Therefore, the future efforts 
should also be concentrated on the screening 
of new materials and substrates for immobi-
lization of photosynthetic microorganisms.
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 Summary 

 The main goal of this Chapter is to take the reader to the unconventional concept that if 
hydrogen is used as an energy carrier, there are consistent benefi ts to be expected, depending 
on how hydrogen is generated. As it will be illustrated, the technical problems lying ahead of 
the creation of an apparent “Hydrogen Based Society” are of technical nature although we 
are all confi dent that they can be solved within a reasonable period of time. 
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                  I. Introduction 

 Let’s start this fi nal chapter recalling a few 
facts concerning the global energy require-
ment, namely: (i) although one third of the 
world’s consumption of fossil fuels (coal, oil, 
natural gas) is consumed in producing elec-
tricity, this latter is not available to one quarter 
of our present world’s population; (ii) although 
the tremendous effects on our climate and the 
environments by emissions of the current 
energy systems and the huge losses within the 
present production/distribution cycle, these 
are neither discussed nor questioned; (iii) it is 
fairly evident that we cannot longer afford our 
rising appetite for energy, unless we fi nd a 
way to protect our fragile world. 

 The above summarized points (i) to (iii) cast 
some light on the way the public opinion is also 
kept in the dark as far as concern hydrogen pro-
duction; hydrogen is in fact sold as “100 percent 
clean” although in most cases is made from fos-
sil fuels in a process called “steam reforming”. 
In spite of this, media representatives and 
administrators do not question the manufactur-
ing process of hydrogen that is, conversely, a 
crucial aspect in the environment protection.  

   II. Hydrogen as Energy Carrier 

 Hydrogen is an energy carrier like electricity, 
and not a primary source. It must therefore 
be produced from some other form of energy. 
This conversion process is not 100 % 
 effi cient because some of the energy is 
always converted into thermal energy which 
is dissipated into the atmosphere. Hydrogen 
is currently manufactured from hydrocarbon 
sources or is extracted from water through 
electrolysis. These processes, however, can-
not be considered the smartest ones. Indeed, 
the hydrogen derived from water is as unsus-

tainable as the fossil fuels themselves. If 
made by renewable energy sources, the situ-
ation would be quite different because the 
resulting hydrogen would be a truly clean 
and green energy carrier. When thinking of 
renewable energy sources, most people 
imagine wind, photovoltaic and possibly 
some amount of hydro- or geothermal power. 
There are however alternative ways to gener-
ate hydrogen from renewable energies with-
out the need for electrical power, such as for 
example: (i) Biological Photolytic Hydrogen 
(BPH) that takes advantage of microalgae or 
photosynthetic bacteria (Chaps.   4    ,   5    ,   11    ,   12    , 
  13     and   14     of this book) that use photosynthe-
sis to make hydrogen instead of sugars and/
or oxygen, and (ii) Conversion of Biomass to 
Waste (CBW), in which hydrogen can be 
produced by pyrolysis (thermochemical con-
version) but also by microbial anaerobic 
digestion (fermentation) of biomass 
resources such as agricultural or industrial 
residues (Chaps.   8     and   9     of this book). 
Indeed, by far the biggest source of renew-
able energy is biomass which includes agri-
cultural and forestry products or cereal crops 
and waste from landscape conservation 
(Evers  2010 ). In this latter case, effi cient 
engineering pretreatment technologies to 
convert lignocellulosic biomass into sugar-
rich feedstock including hemicelluloses and 
cellulose that can be fermented directly to 
produce hydrogen, ethanol, and other high-
valuable chemicals, are needed to make this 
process economically suitable. 

 However, an evaluation on the technical 
and economical feasibility should not only 
take into account the costs and ways of pro-
ducing hydrogen or other bio-gas, e.g. meth-
ane. Indeed, the profi tability of bio-hydrogen 
production also depends on the ways by 
which this product is used for generation of 
electricity and heat, as a transport fuel (see 
Sect.  III ). Owing to this, the full “production 
to end-use” chain for H 2  as energy carrier 
must be included in the evaluation. 

 Based on the present technologies, bio-
hydrogen production is a process requiring 
large volumes such as wet biomass or bio-
waste to be processed. These feed-stocks are 

 Abbreviations:        BPH –    Biological photolytic hydro-
gen;      CBW    Conversion of biomass to waste;      CGH 2  –   
  Compressed gaseous hydrogen;      DOE –    US Department 
of Energy;      IEA.HIA –    International Energy Agency. 
Hydrogen Implementing Agreement;      LH 2     – Liquid 
hydrogen;      LHV –    Lower heating value    
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not easily transported over long-distances 
which implies that small-scale production 
systems, located where bio-wastes or bio-
mass sources are available, are most likely. 
This leads to two possible confi gurations for 
the “product end-use”, namely: 1. hydrogen is 
used at the point of production, the so called 
‘stand-alone system’, or 2. the gas is supplied 
to a grid for use at another location, the so 
called ‘grid-connected production system’. 
Confi guration 1. although limited by the fact 
that both energy demand and biomass streams 
may not be available at the same location, is 
the type of system that is presently applied for 
conversion of bio-methane (biogas or landfi ll 
gas) into electricity or heat by gas engine/gen-
erator units. A ‘stand-alone system’, however, 
also requires fl exibility in the production 
capacity, implying extra costs for storage (see 
Sect.  III ), and this might suggest that in a 
long-term scale economical feasibility, it 
would be convenient to link bio-gas produc-
tion to a grid infrastructure. For bio-hydrogen 
it is evidently relevant to determine whether a 
future ‘hydrogen infrastructure’ is likely.  

      III. Hydrogen Storage: An Open 
Problem 

 The development of safe and cost-effective 
techniques for H 2  storage represents a sig-
nifi cant challenge for materials engineers. In 
particular, in the case of H 2 -fed vehicles, the 
limited space available for fuel storage 
requires the development of solutions char-
acterized by the attainment of high volumet-
ric energy densities (intended as the amount 
of chemical energy stored in 1 L of tank). 
Indeed, while H 2  is an attractive energy vec-
tor thanks (among other interesting features) 
to its particularly lower high heating value 
(120 MJ/kg;    Perry et al.  1997 ), its gaseous 
state at standard pressure and temperature, 
together with its particularly low molecular 
weight, make the attainment of a volumetric 
energetic density comparable to those of tra-
ditional fuels (e.g., 32 MJ/L for gasoline) a 
complex challenge. Indeed, the volumetric 
energetic density of hydrogen is 8.7 MJ/L for 

liquid H 2 , but only 0.01 MJ/L for gaseous H 2  
at 0.1 MPa (Sørensen  2005 ). 

 As of today, the most mature technologies 
for H 2  storage are compressed gaseous H 2  
(CGH 2    ) and liquid H 2  (LH 2 ). In particular, 
CGH 2  at 700 bar is considered the state-of-
the-art technology (Eberle et al.  2009 ). 
Starting the analysis from CGH 2 , if one con-
siders that an average vehicle requires about 
5 kg of H 2  to travel 500 km, 350 bar is the 
minimum pressure for compressing that 
amount of H 2  within an acceptable volume 
(217 L), whereas at 700 bar the same amount 
of H 2  occupies 135 L. Compression above 
700 bar is not cost-effective, given the sig-
nifi cant increase in tank cost (Eberle et al. 
 2009 ). The energy consumed for compress-
ing H 2  varies between 12 % of the H 2  lower 
high heating value (LHV) for compression at 
350 bar and 15 % of the LHV at 700 bar. 
CGH 2  at 700 bar allows the attainment of a 
volumetric energy density of 4.7 MJ/L, a 
value seven times smaller than that typical of 
gasoline. The storage of gaseous H 2  at hun-
dreds of bars requires special vessel designs. 
H 2  tanks are typically cylindrical, the second 
best geometry after the spherical one. As 
each increase in tank diameter requires an at 
least proportional increase in wall thickness, 
several small-diameter cylinders are typi-
cally employed instead of a single large-
diameter one (Eberle et al.  2009 ). The 
construction of CGH 2  tanks requires the use 
of materials characterized by a very high 
tensile strength, a low density, the lack of 
reactivity with H 2  and a low H 2  diffusivity 
(Hibbler  2000 ). Carbon composites repre-
sent an interesting solution, which satisfi es 
the fi rst three requirements (Cumalioglu 
et al.  2008 ). Thanks to their low density 
(1,900 kg/m 3 , versus 8,160 kg/m 3  for steel 
alloys), they allow the storage of 4.2 kg of H 2  
at 700 bar in a 135 kg vessel, an acceptable 
extra weight for a medium-size car (von 
Helmolt and Eberle  2007 ). However, due to 
their high permeability for H 2 , carbon com-
posites need to be integrated with coatings or 
liners, that can be realized with metal alloys 
or with polymers, such as polyethylene cov-
ered with a graphite fi ber epoxy layer 
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(Lessing  2003 ; Zuttel  2003 ). An interesting 
but more sophisticated solution is repre-
sented by electrolytic H 2  diffusion barriers, 
consisting in three polymeric layers acting 
respectively as the cathode, the electrolyte 
and the anode: leaking H 2  is decomposed at 
the anode into hydrogen ions and elec-
trons; the former are fed back to the tank, 
whereas the latter are transferred to the inner 
cathodic layer where H 2  is produced again 
(Lessing  2003 ). The attainment of a low-per-
meability tank wall is crucial not only to 
minimize H 2  losses, but also to avoid H 2  
embrittlement, which consists in a signifi -
cant reduction in ductility of the tank 
caused by H 2  permeation and which can 
lead to tank failure signifi cantly below the 
normal yield stress (Suresh  1998 ; United 
States Department of Energy  2004 ). 

 An alternative to CGH 2  is represented by 
liquid H 2 . Considering that the H 2  critical 
point is at −240 °C and about 13 bar (Perry 
et al.  1997 ), H 2  is typically liquefi ed at 
−242 °C and 10 bar or −253 °C and 1 bar. 
The advantages of LH 2  in comparison to 
CGH 2  are the signifi cantly thinner tank walls 
required – thanks to the lower storage pres-
sure – and the higher energy densities attain-
able (about 9 MJ/L, versus 4.7 MJ/L for 
CGH 2  at 700 bar) (Eberle et al.  2009 ). On the 
other hand, the drawbacks of LH 2  are the 
 signifi cant energy requirement for H 2  liq-
uefaction (30 % of the H 2  LHV) and the 
high thermal insulation requirements for 
minimizing H 2  evaporation. Indeed, heat 
transfer from the environment (occurring 
through both conduction and radiation) leads 
to H 2  evaporation, which in turn determines 
an increase in tank pressure if the vehicle 
is parked. If, instead, the vehicle fuel cell is 
working, H 2  consumption is typically higher 
than H 2  evaporation, and no pressure increase 
occurs (Cumalioglu et al.  2008 ). After a cer-
tain time of vehicle inactivity, the pressure 
increase must be controlled by a suitable H 2  
venting system, which determines a H 2  loss 
to the environment called boil-off. H 2  vent-
ing typically starts after 3–4 days of vehicle 
inactivity (Reijerkerk  2004 ), but this time 
can be signifi cantly increased by improving 

the insulation performances of the tanks. 
High insulation performances can be attained 
by the use of multiple layers (up to 40) of 
insulating materials such as fi ber glass, alter-
nated to foils acting as radiation shields 
(Eberle et al.  2009 ). To increase the thermal 
resistance, the space between the layers can 
be maintained under vacuum. A further 
improvement can be obtained by adding a 
layer of liquid air, which absorbs the heat 
coming from the environment by evaporat-
ing (Reijerkerk  2004 ). As liquid H 2  must 
evaporate before entering the fuel cell, the 
H 2  latent heat of vaporization can be taken 
from the evaporating air layer, thus maintain-
ing the liquid state of air. Another solution to 
reduce H 2  losses during the periods of vehi-
cle inactivity consists in storing LH 2  in tanks 
designed for resisting to high pressures 
(Aceves  2003 ). This would allow a rather 
long period of H 2  evaporation before the 
activation of the H 2  venting system. However, 
this solution requires specifi c adaptations of 
the H 2  tanks designed for CGH 2 , as many 
carbon composites cannot operate at the low 
temperatures required for H 2  liquefaction 
(Aceves and Berry  1998 ). A further disad-
vantage of LH 2  is that it requires the avail-
ability of refueling stations specifi cally 
designed for maintaining H 2  in the liquid 
state from the main storage tank, along the 
fi lling pipe until the H 2  tank of the vehicle. 
As a result of the drawbacks of LH 2 , car 
manufacturers have so far oriented their 
efforts towards the development of safe and 
cost-effective solutions for CGH 2  at 700 bar 
(   Eberle et al.  2012 ). 

 An alternative to compression and lique-
faction is represented by H 2  adsorption on 
high specifi c surface area materials. However, 
considering that at room temperature and 
atmospheric pressure no adsorbent has a sig-
nifi cant H 2  storage capacity, H 2  adsorption has 
to be performed at low temperatures (−200 °C) 
and/or high pressures (20–30 bar) (Eberle 
et al.  2009 ). Cryoadsorption represents a very 
promising solution for H 2  storage, but a lot of 
research still needs to be done to turn it into a 
market technology. In the fi rst place, even at 
−200 °C and 20–30 bar, the best adsorbents 
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known today can attain a 5 % H 2  capacity on 
weight basis, whereas a capacity of at least 
10 % would be necessary to make this a tech-
nology applicable to H 2 -fed vehicles. 
Secondly, as H 2  has a heat of adsorption of 
2–5 MJ/kg H 2 , the storage of 5 kg of H 2  
releases 10–25 MJ of heat, a very high amount 
that could be compensated only by the evapo-
ration of 65–165 kg of liquid nitrogen. The 
availability of such high amounts of liquid 
nitrogen poses engineering challenges that are 
still far to be met in the fi eld of automotive 
applications (Eberle et al.  2009 ). 

 Lastly, H 2  storage in the form of metal 
hydrides represents a potentially very inter-
esting solution, although its practical imple-
mentation poses chemical and engineering 
challenges that are still far from being met. 
Unlike the H 2  storage solutions presented so 
far, hydrides represent a chemical storage 
technique: during the refueling step, hydro-
gen covalently bonds to a less electronega-
tive compound through a hydrogenation 
reaction, whereas during the H 2  release step 
the metal hydride is dehydrogenated. Metal 
hydrides allow the attainment of volumetric 
energy densities ranging from 8.3 MJ/L for 
LH 2  to 18 MJ/L for AlH 3  (Graetz  2009 ). 
These values, signifi cantly higher than those 
attainable through the compression or lique-
faction of H 2 , range between ¼ and ½ of the 
energy density of gasoline. On the other 
hand, as a result of the rather low H 2  weight 
content (2–5 %) of metal hydrides, the 
 attainable gravimetric energy densities are 
rather low (2.5–30 MJ/kg, versus 120 MJ/kg 
for compressed or liquid H 2 ) (Graetz  2009 ). 
Research in this fi eld has initially focused on 
the so-called reversible hydrides, a term that 
refers to the hydrides that can be regenerated 
through direct hydrogenation at “technically 
acceptable” pressures. They are typically 
compounds in which the hydrogen atoms are 
covalently bonded to a central atom in an 
anion complex, such as [AlH 6 ] 3− , [BH 4 ] − , 
[NH 2 ] − ; the anion is stabilized by a cation 
such as Li, Mg or Zn. As the hydrogenation 
(refueling) process is typically exothermic, it 
causes the release of large amounts of heat 
(about 100 MJ for 5 kg of H 2 ). This implies 

that in the desired case of a rapid (3–5 min) 
refueling, about 0.5 MW need to be dissi-
pated, which represents a very challenging 
engineering problem in a vehicle. As a sig-
nifi cantly longer refueling time would not be 
considered acceptable, off-board hydrogena-
tion should be taken into consideration; in 
this case, the refueling process would simply 
consist in the replacement of an exhaust 
“hydride battery” with a re-hydrogenated 
one. On the contrary, as the dehydrogenation 
process is typically endothermic, the hydride 
temperature can be maintained constant 
thanks to the waste heat released by the fuel 
cell. An alternative to reversible hydrides is 
represented by the so-called irreversible 
ones, whose regeneration through direct 
hydrogenation requires extremely high pres-
sures (e.g., 7,000 bar at room temperature 
for AlH 3 ) (Graetz  2009 ). In these com-
pounds, regeneration is practically feasible 
only through indirect routes (e.g. AlH 3  can 
be produced through a reaction of LiAlH 4  
with AlCl 3 ). However, the disadvantages of a 
more complex regeneration are partly offset 
by the advantages related to their low decom-
position enthalpy (Matus et al.  2007 ). Lastly, 
very recent studies explored the H 2  solid 
state storage in nanostructured hydrides, 
which might lead to signifi cant advantages in 
terms of increased gravimetric energy den-
sity and decreased dehydrogenation temper-
ature (Hanlon et al.  2012 ). 

 In summary, while H 2  compression is a 
relatively mature technology and H 2  liquefac-
tion is not far from being a marketable solu-
tion, H 2  solid state storage in the form of 
hydrides presents the potential to outperform 
the physical storage approaches, but a great 
amount of research is still needed to improve 
the thermodynamic and kinetic performances 
of the storage materials and to meet the engi-
neering challenges associated to the applica-
tion of this solution for H 2  storage in 
automotive applications. On the basis of the 
remarkable progress made during the past 
10 years and of the signifi cant amount of 
research being conducted in this fi eld, it is 
likely that H 2  solid state storage will become a 
marketable technology over the next 10 years.  
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   IV. Safety Issues in the Use 
of Hydrogen as a Fuel 

 Since the famous fatal accident occurred in 
May 1937 at the German airship 
Hindenburg, which caught fi re and was 
destroyed in New Jersey at the end of an 
Europe to USA trip causing 36 fatalities, 
the public perception of the risks of the use 
of hydrogen has been very high. Even if at 
present time the most probable cause of the 
accident has been identifi ed in the use of a 
highly fl ammable compound for water-
proofi ng the blimp cloth (Sørensen  2005 ), 
the public still has the perception of this 
risks. Thus, a large number of studies have 
been carried out in order to ensure the 
highest level of safety in the use of hydro-
gen as energy vector or as a reagent in 
industrial applications. The safety issues 
have been intensively investigated for all 
the activities connected with the use of 
hydrogen: its production, its utilization in 
industrial plants, its use in automotive 
applications, its storage and transport, its 
use in fuelling stations etc. A huge number 
of documents and papers on studies on 
hydrogen safety are now available and can 
be looked up at the web sites of DOE (US 
Department of Energy) (  http://www.hydro-
gen.energy.gov/biblio_database.html    ); of 
the International Association for Hydrogen 
Safety (  http://www.hysafe.info/    ), and of 
the International Energy Agency – Hydrogen 
Implementing Agreement (IEA–HIA), 
Annex 31 “Collaboration on Hydrogen 
Safety” (  http://ieahia.org/    ). 

 Recapitulating the main conclusions 
of these studies, it is possible to state that: 
(i)  the level of investigations on the safety 
of hydrogen is by far much deeper than the 
level of investigations made for most of the 
other fuels; (ii) hydrogen can be safely 
stored under high pressures, in metal 
hydrides (see Sect.  III ) and as cryogenic liq-
uid; (iii) the problems related with diffusion, 
permeation and embrittlement effects of 
hydrogen in metallic materials used for its 
storage can be safely managed by proper 
design and materials choice; (iv) a number 

of stringent rules have been defi ned and are 
ready to be implemented for the safe use of 
hydrogen vehicles.  

   V. Economical and Political Issues 

 One of the most attractive feature of the pro-
duction of hydrogen by means of biological 
processes is the possibility to obtain the gas at 
ambient conditions, avoiding both high tem-
perature and pressure conditions along with 
the addition of polluting catalysts typical of 
the chemical processes currently under use. 
Another very interesting feature of biological 
hydrogen production is the possibility to 
decentralize the production of hydrogen in 
small-scale installations located close to the 
areas where biomass or wastes are available, 
thus avoiding the energy expenditure and the 
economical and environmental costs related 
with the transport of the fuels to the central-
ized energy production plants. Furthermore, it 
is worth stressing that the rates of hydrogen 
production obtained with the dark fermenta-
tion of real wastes reached practical levels, 
comparable with those of the production of 
bio-ethanol from lignin-cellulosic substrates 
(Hallenbeck and Ghosh  2009 ). Moreover, the 
possibility to use different kinds of wastes, 
deriving from various agricultural or industrial 
activities, would make possible to overcome 
the control that a limited number of Countries 
currently have on the energy sources of the 
Planet. Indeed, shifting from the use of geo-
graphically concentrated fossil fuels to the 
plentiful and more widespread biofuels would 
completely change the relations between 
energy-producing and energy-consuming 
nations, possibly turning today’s importers 
into tomorrow’s exporters (Yergin  1991 ; Dunn 
 2002 ). A localized energy production would 
have a positive impact on geopolitical stability, 
avoiding the concentration of the energy 
sources in the hands of few Countries. 

 Another important advantage of biofu-
els in general, and biological hydrogen 
among them, is their capability to guaran-
tee a major energy security in terms of 
supply reliability, capillary and domestic 
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distribution and readiness of availability 
(Demirbas  2009 ). 

 Biological hydrogen production has been 
evaluated as a sustainable, renewable and ener-
getically effi cient process (Manish and 
Banerjee  2008 ). A Net Energy Analysis car-
ried out on four different bio-hydrogen 
 production processes, namely (i) dark fermen-
tation, (ii) photo-fermentation, (iii) combined 
dark and photo-fermentation and (iv) biocata-
lyzed electrolysis, pointed out that all of them 
are renewable processes. Indeed, in all these 
processes, hydrogen output was larger than the 
input of non-renewable energy (net energy 
ratio) and they reduced the green house gas 
emissions by 57–73 % as compared to a well 
established non biological process taken as a 
reference (steam methane reforming). 
Considering the whole balance, the most con-
venient process resulted to be the integration 
of dark and photo-fermentation, having the 
least green house gas emissions, the highest 
energy effi ciency (energy output/energy input) 
and the highest net energy ratio among the 
four processes (Manish and Banerjee  2008 ).  

   VI. Conclusions 

 Biological hydrogen production, once the tech-
nological problems still on the table will be 
solved, will be an effective and very useful sys-
tem for producing a non-polluting energy 
carrier having no impact on the environment. 
Indeed, in addition to its sustainability, a 
 number of economic and environmental 
 benefi ts of the biological hydrogen production 
can be envisaged: (i) the possibility of creating 
new job opportunities for rural labor in this 
fi eld, (ii) the creation of a new route of invest-
ments for plants and equipments, (iii) a high 
competitiveness in the energy fi eld, (iv) a 
noticeable reduction of dependence on fos-
sil fuels, (v) a signifi cant reduction in CO 2  
emissions. 

 These advantages fi t very well the economi-
cal and environmental strategies of many 
Countries all over the World, which favor the 
development of the “Green Economy” as a way 
to foster the economic growth and job creation, 

in response to the current severe economic cri-
ses, with an environmental-friendly outlook 
(Balat  2007 ; European Environment Agency 
 2012 ) with the ultimate goal of the creation of 
an apparent “Hydrogen Based Society”.     

  Acknowledgements 

 Financing by the Italian Ministry of Agriculture, 
Food and Forestry (MIPAAF) under grant 
“Combined Production of Hydrogen and 
Methane from Agricultural and Zootechnical 
Wastes through Biological Processes (BIO-
HYDRO)” is acknowledged.  

   References 

   Aceves SM (2003) Hydrogen storage in insulated 
 pressure vessels. In: Hydrogen, fuel cells and infra-
structure technologies, FY 2003 progress report  

    Aceves SM, Berry GD (1998) Thermodynamics of 
insulated pressure vessels for vehicular hydrogen 
storage. ASME J Energy Resour Technol 120:
137–142  

    Balat M (2007) An overview of biofuels and policies 
in the European Union. Energy Source Part B 
2:167–181  

     Cumalioglu I, Ertas A, Ma Y, Maxwell T (2008) State 
of the art: hydrogen storage. J Fuel Cell Sci Technol 
5:034001  

    Demirbas A (2009) Politics, economic and environ-
mental impacts of biofuels: a review. Appl Energy 
86:S108–S117  

    Dunn S (2002) Hydrogen futures: toward a sustainable 
energy system. Int J Hydrog Energy 27:235–264  

          Eberle U, Felderhoff M, Schuth F (2009) Chemical and 
physical solutions for hydrogen storage. Angew 
Chem Int Ed 48:6608–6630  

    Eberle U, Mueller B, von Helmolt R (2012) Fuel cell 
electric vehicles and hydrogen infrastructure: status 
2012. Energy Environ Sci 5:8780–8798  

    European Environment Agency (2012) Environmental 
indicator report 2012; ecosystem resilience and 
resource effi ciency in a green economy in Europe. 
Publications Offi ce of the European Union, 
Luxembourg  

    Evers AA (2010) The Hydrogen Society: More than 
just a vision. Hydrogeit Verlag, Oberkrämer  

      Graetz J (2009) New approaches to hydrogen storage. 
Chem Soc Rev 38:73–82  

15 Hydrogen Production and Possible Impact on Global Energy Demand



356

    Hallenbeck PC, Ghosh D (2009) Advances in fermen-
tative biohydrogen production: the way forward? 
Trends Biotechnol 27:287–297  

    Hanlon JM, Reardon H, Tapia-Ruiz N, Gregory DH 
(2012) The challenge of storage in the hydrogen 
energy cycle: nanostructured hydrides as a potential 
solution. Aust J Chem 65:656–671  

    Hibbler RC (2000) Mechanics of materials. Prentice 
Hall, Englewood Cliffs  

    Lessing PA (2003) Low permeation liner for hydro-
gen gas storage tanks. In: Hydrogen, fuel cells 
and infrastructure technologies, FY 2003 prog-
ress report  

     Manish S, Banerjee R (2008) Comparison of biohy-
drogen production processes. Int J Hydrog Energy 
33:279–286  

    Matus MH, Anderson KD, Camaioni DM, Autrey 
ST, Dixon DA (2007) Reliable predictions of the 
thermochemistry of boron–nitrogen hydrogen 
storage compounds. J Phys Chem A 111:
4411–4421  

     Perry RH, Green DW, Maloney JO (1997) Perry’s 
chemical engineers’ handbook, 7th edn. McGraw-
Hill, New York  

     Reijerkerk CJJ (2004) Potential of cryogenic hydrogen 
storage in vehicles. In: Alternative fuels. Linde AG, 
Hoellriegelskreuth  

     Sørensen B (2005) Hydrogen and fuel cells: emerging 
technologies and applications. Elsevier Academic 
Press, Boston  

    Suresh S (1998) Fatigue of materials, 2nd edn. Cambridge 
University Press, Cambridge  

    United States Department of Energy (2004) Hydrogen 
posture plan: an integrated research, development, 
and demonstration plan. United States Department 
of Energy, Washington, DC  

    von Helmolt R, Eberle U (2007) Fuel cell vehicles: 
status 2007. J Power Sources 165:833–843  

    Yergin D (1991) The prize: the epic quest for oil, 
money, and power. Simon and Schuster, New York  

    Zuttel A (2003) Materials for hydrogen storage. Mater 
Today 6:24–33    

Davide Zannoni et al.



357D. Zannoni and R. De Philippis (eds.), Microbial BioEnergy: Hydrogen Production, 
Advances in Photosynthesis and Respiration 38, pp. 357–366, DOI 10.1007/978-94-017-8554-9,
© Springer Science+Business Media Dordrecht 2014

                         Subject Index 

   A 
  ABC carbohydrate transporters , 184  
   ABC transporters.    See  ATP-binding cassette (ABC) 

transporters 
   AbrB-like proteins , 81  
   AbrB regulators , 117  
   Absorption spectrum , 273  
    Acarychloris  , 148  
   Acceptor quinone cycle , 276  
   Acetate , 178, 190, 207  
    Acetobacterium woodii  , 210  
   Acetone , 216  
   Acetyl-CoA , 188  
   Acrylic polymers , 324  
   Activated sludge , 244, 248, 253  
   Active site , 48  
   Adenosine triphosphate (ATP) , 255  

 synthesis , 104, 272  
   Aeration rate , 306  
   Agar , 323, 332  
   Agarose , 323, 332  
   Agro-industrial wastes , 247  
   Alanine , 216  
   Albumin , 324  
   Alcohol , 178  
   Alcohol dehydrogenase (ADH) , 188  
   Algal hydrogenase , 103  
   Alginates , 323–326, 332, 335  
    Allochromatium vinosum  , 28, 32, 50, 114  
   Alternative nitrogenase , 141, 142  
    Alteromonas macleodii  , 62, 90, 119  
   Alveolar plate reactors , 298  
   Aminosilanes , 329  
   Ammonium , 241, 247, 250, 256, 261  
    Anabaena  , 86, 90, 340  

  A. azotica  , 144  
  A.  isolate from fern  Azolla  , 141  
  A. siamensis  , 85, 148  
  A. variabilis  , 81, 85, 115, 139, 141, 144, 145, 

293, 338–339  
  A.  CH1 , 141  

   Anaerobic metabolism , 11  
   Anaerobic respiration , 26  
   Anaerobic sludge , 248, 253  
   Anode , 226  
   Anoxygenic photosynthesis , 156, 272–277, 331  
   Antenna 

 complexes , 275, 336  
 pigments , 240, 254  

   Anthraquinone-2,6-disulfonate , 204  
    Aphanothece halophytica  , 148  
    Aquifex aeolicus  , 30, 54, 115  
    Arabidopsis thaliana  , 104  
   Arabinose , 180, 186  

   ArcA , 32  
   Archaea , 113  
   Areal productivity , 302  
    Arthrospira maxima  , 85, 338  
   Artifi cial hydrogen catalysts , 37  
   Artifi cial photosystems , 107  
   Asymmetric islands , 298  
   ATP-binding cassette (ABC) transporters , 178–179, 189  
   Automotive applications , 353  
   Autotrophic conditions , 341  
   Average irradiance , 297, 301  
   Average volumetric biomass productivity , 302  
   7-Azatryptophan , 149  
    Azomonas macrocytogeneses  , 140  
    Azospirillum brasilense  , 140  
    Azotobacter  

  A. chroococcum  , 140  
  A. paspali  , 140  
  A. salinestris  , 140  
  A. vinelandii  , 32, 140  

    B 
  B800 , 275  
   B850 , 275  
    Bacillus  

  B. cepacia  , 328  
  B. subtilis  , 82  

   Bacteria , 113  
   Bacteriochlorophylls (BChls) , 240, 273, 279  
   Bacteriopheophytin  a  , 275–276  
   Baffl e , 299  
   Bagasse , 244  
   Band-edge , 106  
   Band-gap energy , 106  
   Barley straw , 247, 249  

 hydrolysate , 248  
   Batch culture , 191  
   BChl  a  , 275  
   BChls , 273–275  
   Bidirectional hydrogenase , 81, 142, 146, 148  
   Bifurcating hydrogenase , 189  
   BioBricks , 92  
   Biocatalysts , 45  
   Biocathode , 229  
   Biofi lm formation , 327, 334  

 acceleration , 328–329  
 attachment , 327  
 colonization , 327–328  
 maturation , 328  

   Biofuel cells , 31, 35, 45, 108  
   Biological parts , 92  
   Biological photolytic hydrogen (BPH) , 350  
   Biomass concentration , 298  



358

   Biomass cost index (BCI) , 260  
   Biomass productivity , 297, 301  
   Biophotolysis , 11, 333, 338  
   Biosensors , 36, 45  
   Biosynthesis , 33  
    Bradyrhizobium japonicum  , 54  
   Brewery wastewater , 242, 245  
   Bursts of H 2 -formation , 145  
   Butanol , 10, 213, 216  

    C 
   Caldanaerobacter subterraneus  subsp.  tengcongensis  , 189  
    Caldicellulosiruptor  

  C. owensensis  , 248, 250  
  C. saccharolyticus  , 179, 248–252  

    Calothrix  , 340  
   Calvin-Benson-Bassham (CBB) 

 cycle , 337  
 pathway , 255  

   Calvin cycle , 157, 166, 167, 169–171  
   Carbohydrate 

 catabolite regulation , 185  
 specifi c ABC sugar transporters , 178  
 transport , 184, 185, 189  

   Carbohydrate-active enzymes (CAZy) , 182, 183  
   Carbohydrate binding modules (CBM) , 181, 182  
   Carbohydrate esterases (CEs) , 180, 182  
   Carbon catabolite repression (CCR) , 179, 185  
   Carbon dioxide (CO 2 ) 

 fi xation , 104, 283, 284, 333  
 transfer , 299  

   Carbon monoxide (CO) , 48  
 inhibition , 52  
 resistance , 35  

   Carbon nanotubes , 108  
   Carbon-to-nitrogen (C/N) ratio , 238, 241, 243, 245  
   Carotenal , 274  
   Carotenoids , 240, 273–275  
   Carrageenan , 323, 332  
   Carrot pulp , 214  
   Cassava starch , 248, 253  
   Cathode , 226  
   CBM.    See  Carbohydrate binding modules (CBM) 
   CBM3 , 183  
   CBM22 , 183  
   CCR.    See  Carbon catabolite repression (CCR) 
   CdS , 108  
   CdTe , 108  
   CEF.    See  Cyclic electron fl ow (CEF) 
   CelA , 184  
   Cell immobilization , 121  
   Cellulolytic species , 183, 184  
   Cellulose , 178, 179, 183–186, 200, 204, 207, 323  
   Cellulosome , 181  
   CEs.    See  Carbohydrate esterases (CEs) 
   Chassis , 91  
   Cheese whey , 214, 244, 248, 254  
   Chemical oxygen demand (COD) , 243  
   Chitosan , 323, 326  
    Chlamydomonas  , 103–105, 111, 113, 118–120, 332  

  C. reinhardtii  , 49, 50, 57, 88, 111, 113, 117, 121, 
148, 293, 294, 311, 313, 325, 333–336, 340  

    Chlorella  , 121, 332, 336  
  C. fusca  , 49  

    Chlorococcum littorale  , 293  
   Chlorophyll d , 148  
   Chlorophylls , 240, 274  
    Chroococcidiopis  , 147  
   Climate change , 4–6  
   Closed photobioreactors , 302–304  
   Closed tubular system , 295  
   Clostridial , 111, 112  
    Clostridium  

  C. acetobutycicum  , 57  
  C. acetobutylicum  , 109, 110, 112, 113, 148, 254  
  C. butyricum  , 248, 253  
  C. ljungdahlii  , 210  
  C. pasteurianum  , 49, 88, 109, 113, 140, 141, 210  
  C. thermocellum  , 181, 188  

   Cluster , 55  
   CN -  , 48  
   Co-culture , 192, 246, 250, 261  
   Cofactor , 56  
    Comamonas denitrifi cans  , 229  
   Comparative genomics , 162  
   Complex I , 25  
   Compressed gaseous H 2  , 351  
   Conductive pili , 229  
   Consolidated bioprocessing (CBP) , 8  
   Continuous culture , 192, 298  
   Continuous mode , 301  
   Conversion of Biomass to Waste (CBW) , 350  
   Cooling system , 304  
   Copper response regulator I (CRRI) , 113, 118  
   Corn steep liquor , 248, 253  
   COST Action  841, 239, 262  
   Cost effi ciency , 260  
    Crocosphaera watsonii  , 145, 147  
   Crystallographic studies , 27  
   Csac_0678 , 182  
    CtaI  , 87  
    CtaII  , 87  
   C-terminal protease , 62  
   Culture velocity , 299, 300, 308  
   Cyanide , 33  
   Cyanobacteria , 13, 80, 102–105, 113, 137–141, 148, 337  

 heterocystous , 338  
 non-heterocystous fi lamentous , 338–339  

    Cyanothece  , 81, 84, 137, 145, 147, 148  
 strains , 84  

   Cyclic electron fl ow (CEF) , 104, 119–121  
 supercomplexes , 104  

   Cyclic electron-transport , 148  
   Cyclic photophosphorylation , 156, 158, 166  
    Cyd  , 87  
   Cysteine , 55  
   Cytc3 , 64  
   Cytochrome  b  , 27, 33, 142  
   Cytochrome  bc   1   complex , 272, 273, 276  
   Cytochrome  bc  complex III in cyanobacteria , 142  
   Cytochrome  c  2  (Cyt  c  2 ) , 272, 273  

Subject Index



359

   Cytochrome c 3  , 25  
   Cytochrome oxidase , 32  

    D 
  Dairy industry , 254  
   Dairy product wastes , 242, 245  
   Dark fermentative hydrogen production , 11  
   Dark fermenter effl uents (DFEs) , 238, 239, 246–254  
   DCMU , 105, 112, 113, 115  
    Defl uviitoga  , 198  

  D. tunisiensis  , 200  
   Degasser , 304, 308, 311  
   Degassing system , 302  
   Δ narB  , 87  
   Δ nifK  , 84  
   Δ nirA  , 87  
   DESHARKY bioinformatic tool , 93  
    Desulfi vibrio gigas  , 25  
    Desulfomicrobium baculatum  , 30, 35  
    Desulfovibrio  , 205  

  D. desulfuricans  , 24, 49, 109  
  D. desulfuricans  ATCC 27774 , 29  
  D. fructosovorans  , 27, 29, 64, 115, 210  
  D. vulgaris  , 60, 230  
  D. vulgaris  Hildenborough , 29, 30  
  D. vulgaris  Miyazaki , 28–30  

   Devices , 92, 93  
   Diaphorase , 104, 114  
   Diffusion rate , 66  
   Dihydrogen (H 2 ) , 44  
   Dilution of light , 313  
   Dilution rate , 192  
   Dinitrogenase , 270  

 reductase , 270  
   Direct biophotolysis , 293  
   Dispersion coeffi cient , 301  
   Dissolved hydrogen , 190, 303  
   Distillery waste , 245  
   Dithiolate bridging ligand , 57  
   Diurnal periods , 243  
   Downstream process , 295  
   Drop-in biofuels , 8  
    Dunaliella  , 332  

    E 
  Electrochemistry , 35  
   Electrode , 64  
   Electron 

 acceptors , 203–204  
 carriers , 64  
 donors , 200–203  
 fl ow , 272  
 transport , 119  

   Electron nuclear double resonance (ENDOR) , 52  
   Electron paramagnetic resonance (EPR) , 

27, 31, 48, 110–112, 114  
   Electron transfer (ET) , 25, 31, 102, 103, 107–109, 

113, 118, 120  
   Electrostatic interaction , 66  

   Embden-Meyerhoff-Parnas (EMP) pathway , 
178, 186, 188, 189  

   Embden-Meyerhof pathway , 207  
   Endoglucanase , 183  
   Endopeptidase , 116  
   End-products of metabolism , 204–205  
   Energy 

 conversion of light , 148  
 dissipation , 309  
 equity , 5  

   Energy consumption , 4  
    Enterobacter  

  E. aerogenes  , 248, 253, 254  
  E. chloacae  , 229  

   Enzymatic liquefaction , 252  
   Enzyme–fuel cells , 36  
    Escherichia coli  , 24, 26–27, 32–33, 111, 113, 

116, 254, 328  
   Ethanol , 10, 188, 213, 216  
   Exergy analysis , 260  
   Exploitation of solar energy , 147, 149  
   Extended X-Ray absorption fi ne structure (EXAFS) , 

52, 112  
   Extracellular polysaccharides (EPS) , 328  
   Extreme thermophiles , 178  

    F 
  FDX-HYDA1 fusion , 120  
   Feedstock , 238, 248  
   [FeFe] hydrogenase , 14, 24, 37, 49–50, 102, 103, 

108–113, 119, 120, 209, 293, 333, 338  
   Fe-hydrogenase , 24, 48–49, 88, 90, 92, 111, 148  
   FeMo-cofactor , 139  
   Fe-nitrogenase , 141  
   Fe-only hydrogenase , 189  
   Fe-only nitrogenase , 140  
   Fermentable sugars , 179  
   Fermentation , 26, 88  

 generating H 2  , 103  
 H 2  formation , 146  
 H 2  production , 104  

   Ferredoxin (FDX) , 63, 102, 103, 108, 119, 139, 
272, 277, 294  

   Ferredoxin-NADPH-reductase (FNR) , 63  
   Ferrodoxin , 109, 112, 113, 117, 147  
    Fervidobacterium  , 198  

  F. islandicum  , 200, 204  
  F. pennavorans  , 211  

   [Fe 3 S 4 ] , 25  
   [3Fe-4S] cluster , 50  
   [Fe 4 S 3 ] cluster , 24, 25, 37  
   [4Fe-4S] cluster , 50  
   [Fe 4 S 4 ] cluster , 25, 30, 34, 35  
   [Fe 4 S 3 O 3 ] cluster , 29  
   First generation biofuels , 6  
   Flat alveolar reactor , 304  
   Flat panel , 302, 304–307  

 reactor , 257, 259–260  
   Flat plate reactors (FPRs) , 298  
   Flavin-based bifurcating enzyme , 210  

Subject Index



360

   Flavodoxin , 139, 147  
   Fluid dynamics , 295  
   Fluorescence , 279  
   Fluxomics , 167, 169  
   FNR.    See  Fumarate-nitrate reduction regulator (FNR) 
   Formate hydrogenlyase , 26, 255  
   Formate utilization , 203  
   Fourier transform infrared (FTIR) , 27, 48, 112, 114, 115  

 crystallography , 110  
 spectroscopy , 112  

   Fructose , 185, 188  
   Fruit and vegetable wastes (FVW) , 254  
   Fucose , 187  
   Fumarate-nitrate reduction regulator (FNR) , 32, 119  
   Fumarate respiration , 33  

    G 
  Galactose , 180  
   Galacturonic acids , 180, 186  
   Gammaproteobacteria , 141  
   Gas channel , 67–68  
   Gas-liquid mass transfer , 299, 310  
   Gas sparging , 190  
   Gelatin , 324  
   Gene expression analysis , 247  
   Gene  hyd  , 206  
   Genome expression profi le , 256  
   Gentamicin cassette , 255  
   Geobacter spp. , 229  
    Geobacter sulfurreducens  , 27  
    Geotoga  , 198, 200  

  G. petraea  , 206  
   GH48 , 184  
   GHs.    See  Glycoside hydrolases (GHs) 
   Gibbs energy , 207  
   Glass beads , 332  
   Glass fi ber matrices , 334  
   Glass textile , 332  
    Gleocapsa alpicola  , 114  
   GlnB , 256  
   GlnK , 256  
    Gloeobacter violaceus  , 81  
    Gloeocapsa alpicola  , 338–340  
    Gloeothece (Gloeocapsa)  , 145  
   β-1,4 Glucan , 212  
   1,4-β-D-Glucanglucohydrolase (GghA) , 213  
   Glucose , 179, 185  
   Glucuronic acids , 180  
   Glutamine 2-oxoglutarate aminotransferase 

(GOGAT) , 163  
   Gluten , 324  
   Glyceraldehyde-3-phosphate dehydrogenase 

(GAP deh) , 207  
   Glycerol , 203  
   Glycogen , 339  
   Glycoside hydrolases (GHs) , 178, 180, 182, 183, 207  
   G-protein , 140  
   Green algae , 13, 44, 103  
   Greenhouse gas , 138  

   Ground wheat starch , 248  
   Growth rate , 192, 301  
   Gypsum rocks , 147  

    H 
  H 2  adsorption , 352  
    Haematococcus pluvialis  , 341  
   H-cluster , 49, 103, 109, 111–113  
   H 2  diffusivity , 351  
   Head losses , 300  
   Headspace , 304  
   Heat exchanger , 304  
   Heat transfer equipment , 311  
    Heliobacterium gestii  , 140  
   Hemicellulose , 180, 186, 204, 207  
   HEPES-buffered , 217  
   Heterocystous cyanobacteria , 142–145  
   Heterocysts , 13, 80, 142, 149, 295  
   Heterodimeric NADH oxidase , 205  
   Heterologous hydrogenase , 88, 91  
   H 2  evolution , 109  
   H 2 -formation , 141  
   H 2 -forming Methylenetetra-hydromethanopterin 

Dehydrogenase (Hmd) , 48  
   High potential iron sulfur protein , 31  
   Hollow fi bers , 338  
   Homocitrate cofactor , 140  
    HoxEFUYH  , 90  
    Hox -encoded hydrogenase , 338, 339, 341  
    HoxH  , 83  
   HoxQ , 58  
   H 2  photoproduction , 105, 118, 335  
   H 2  production , 56, 85, 115  

 pathway , 102  
   H 2  removal , 295, 298  
   H 2  sensors , 29  
   H 2  storage capacity , 352  
    Hup-  , 252, 253  
    Hup -encoded hydrogenase , 338, 340  
   HupG , 58  
    Hup- mutant , 251, 281  
    HupSL  , 82, 255  

 transcript , 84  
    Hup- strain , 249, 250, 255  
   H 2  uptake , 25, 51, 109  
    hupW  , 86  
   HyaA , 58  
   HyaB , 58  
   HyaC , 58  
   HyaD , 58  
    hyaE  , 58  
    hyaF  , 58  
    HycI  , 34  
    hydA  , 57  
   HydABC complex , 210  
   HydA subunits , 210, 211  
   HydB subunit , 210  
   HydC , 210  
   HydE , 57  

Subject Index



361

   HydF , 57  
   HydG , 57  
   Hydraulic retention times (HRT) , 253  
   Hydride battery , 353  
   Hydrogen , 10  

 concentration , 310  
 as energy carrier , 350–351  
 formations by unicellular cyanobacteria , 145  
 as a fuel , 354  
 infrastructure , 351  
 metabolism , 58  
 partial pressure , 190, 216  
 removal , 311  
 sensitivity , 206  
 storage , 351–353  
 yield , 15, 228  

   Hydrogenase , 23, 44, 102–104, 107, 108, 
137, 142, 145, 158, 159, 162, 255, 
272, 277, 293–295  

 accessory proteins , 82  
 engineering , 70  
 maturation factors , 92  
 reactivation , 115  
 sensors , 51  

   Hydrogen Based Society , 355  
    Hydrogenovibrio marinus  , 32, 55, 62  
   Hydrogen photoproduction , 64, 109, 332  

 oxygen stability , 335  
 photoautotrophic conditions , 337  
 photoheterotrophic conditions , 337  

   Hydrogen production , 212–216, 260, 292, 298, 332–341  
 volumetric rate , 331, 332, 339, 341  
 yield , 242  

   Hydrogen production rate (HPR) , 242, 280  
   Hydrolyze β-1,4 glucan linkages , 182  
   Hydrolyze β-1,4 mannoside linkages of mannan , 182  
   Hydrophobic channel , 54  
   Hydroxo , 52  
    hynSL  , 90  
    hyp  , 57  
    hypA  , 34  
    HypA1B1CDEF, hoxW  , 93  
    hypB  , 34  
    hypC  , 34, 82  
    hypD  , 34  
    hypE  , 34  
    HypEF  complex , 33  
    hypF  , 34  
    hypX  , 54  
   HYVOLUTION , 239, 250, 260, 262  

    I 
   IdhA  , 88  
   Immobilization , 242, 245, 261, 322  

 artifi cial , 323–326  
 cell attachment , 334  
 cell entrapments , 322  
 colonization , 334  
 covalent attachment , 326  

 encapsulation , 322  
 gel entrapments , 323–324  
 ionic adsorption , 323  
 mechanical supports and substrates , 330  
 natural , 326–329  
 requirements , 322  
 sol-gel encapsulation , 324–325  
 thin-layer , 324, 335  

   Inactivation , 67  
   Incandescent lamps , 278  
   Incident light , 257  
   Indirect biophotolysis , 293–295  
   Inhibition , 68  
    In silico  docking analysis , 118  
   Interception of solar radiation , 304  
   Interface , 107  
   Iron (Fe) , 203, 249, 250, 261  
   Iron-sulfur centers , 48  
   Isobutanol , 11  
   Isopropanol , 10  
   Isotopic labelling , 112  

    K 
  Kaya Identity , 4  
    k  cat  , 107  
   Keratin , 203  
    Klebsiella pneumoniae  , 140  
   Knallgas , 54  

 reaction , 33, 142, 143  
    Kosmotoga  , 198  

    L 
  Lab scale photobioreactors , 292  
   Lactate , 178, 189, 190, 216  
   Lactate dehydrogenase (LDH) , 190  
   Lactic acid , 213  
   L-alanine , 204  
   Laminarin , 212  
   Latex , 324, 325, 332, 336  

 coatings , 335  
   Leloir pathway , 188  
   Length of solar collector , 309  
   Length of tubular reactors , 316  
   LexA , 82, 117  
   LH1 , 274, 275  
   LH2 , 274, 275  
   Life cycle assessment (LCA) , 252  
   Ligand , 55  
   Light absorption , 335  
   Light availability , 298  
   Light conversion effi ciency , 14, 105, 118–120  
   Light-dark cycling frequency , 300  
   Light dilution , 308  
   Light distribution , 297  
   Light emitting diodes (LEDs) , 278, 284  
   Light energy , 240  

 transfers , 272  
   Light excitation , 272  

Subject Index



362

   Light harvesting (LH) 
 antennae , 273  
 complexes , 273  

   Light intensity , 256, 259–261  
   Light regime , 298  
   Light-scattering nanoparticle , 313  
   Light to H 2  conversion effi ciency , 313, 335  
   Light utilization effi ciency , 254  
   Lignin , 162, 170, 180  

 monomers , 160  
   Lignocellulose , 178, 179  
   Lignocellulosic , 7  

 biomass , 249  
   Linear electron fl ow (LEF) , 102, 121  
   Linear photosynthetic electron-transport fl ow , 148  
   Liquid H 2  , 351, 352  
   Liquid velocity , 309  
    Lyngbya majuscula  , 82, 116  

    M 
  Manifolds , 309  
   Mannan , 212  
   Mannitol , 203  
   Mannose , 180, 188  
    Marinitoga  , 198  

  M. camini  , 204  
   Mass transfer , 295, 298, 306  

 capacity , 300  
 coeffi cient , 299, 303, 311  

   Maturation , 33–35, 56–58, 116, 119  
 factors , 93  
 machinery , 62  
 protein , 54  

   Maximal length of tubular photobioreactors , 310  
   Maximal potential H 2 -formation rate , 146  
   Maximum H 2  production rate , 312  
   Membrane-bound hydrogenases (MBH) , 26, 54  
   Membrane-bound [NiFe]-hydrogenases , 30–32, 35  
    Mesotoga  , 198  

  M. prima  , 198  
  M. sulfurireducens  , 198  

   Metabolic engineering , 7  
   Metabolic fl ux , 10  

 analysis , 167, 172  
   Metabolic models , 91  
   Metabolomics , 170  
   Metagenomic , 85  
   Metal cofactors , 47  
   Metal hydrides , 353  
   Metalloproteins , 46  
   Methanogenesis , 25  
   Methanogenic bacteria , 147  
   Methanol , 203  
    Methanosarcina  

  M. acetivorans  , 140  
  M. barkeri  , 26, 140, 141, 227  

    Methanothermobacter thermoautotrophicum  , 48  
   Methionines , 67–68  

   Microaerobic conditions , 140  
   Microalgae , 102, 292, 295, 328, 332  
   Microalgal production , 298  
   Microarray , 165, 166, 256–257  

 analysis , 159–160  
   Microbial anaerobic digestion , 350  
   Microbial electrolysis , 11  
    Microcystis aeruginosa  , 340  
   Microeddy , 309  
   Microplasmodesmata , 143  
   Milk factory waste , 245  
   Milk industry wastewater , 242  
    Miscanthus  , 249  

  M.  hydrolysate , 248  
   Mixing , 299, 306  

 systems , 300  
 time , 301, 308  

   Molasses , 214, 244, 247–249, 251–252  
   Molecular wire , 109  
   Molybdenum (Mo) , 261  
   Mo-nitrogenase , 140, 142, 255  
   Monosaccharides , 200  
    Moorella thermoacetica  , 210  
   Mössbauer , 31  
   Multi-domain enzymes , 181, 183  
   Mutagenesis , 110, 112, 118  

    N 
  NADH dehydrogenase , 272, 273, 276  
   NAD(P)H dehydrogenase type 1 , 146  
   NADH oxidoreductase (NRO) , 205  
   NADH:ubiquinone oxidoreductase , 25  
   NAD + /NADH , 16  
   NADPH:ferredoxin oxidoreductase , 146  
   NADPH oxidation , 87  
   Nanomaterials , 106, 107  
   Nanoparticles , 313  
   Nanoporus latex coatings , 335  
   n-butanol , 11  
   NDH-1 , 87  
    ndhB  , 87  
   Near horizontal tubular reactor (NHTR) , 257  
   Net energy ratio (NER) , 261  
   Neutral site , 91  
   Ni-A , 51  
   Ni-B , 51  

 state , 30, 31  
   Ni-C state , 30, 31  
   NifA , 163, 165–167, 171, 256  
   NifD , 247  

 variants , 86  
   [NiFe]-bidirectional hydrogenase , 338  
   [NiFe] hydrogenases , 24–37, 48, 90, 102, 104, 108, 109, 

113, 114, 116, 119, 189, 209  
   [NiFeSe] , 23  
   [NiFeSe]-hydrogenases , 29–30, 35–37, 107  
    nifH  , 138, 139  
   NifJ , 88  

Subject Index



363

    nifV1  and  nifV2  , 87  
   Ni-SI , 52  
   Ni-SU , 52  
   Nitrogen 

 assimilation , 118  
 fi xation , 331  

   Nitrogenase-dependent H 2 -evolution , 143  
   Nitrogenases , 13, 80, 86, 102, 137–141, 145, 158, 162, 

241, 247, 255–256, 261, 270, 277, 278, 284, 293, 
295, 331, 338–339  

 activities , 272  
   Non-photochemical quenching (NPQ) , 104, 105, 120  
    Nostoc  , 141  

  N. muscorum  , 115  
  N. punctiforme  , 82, 85  

   Novel cyanobacterial lineages , 147  
   NtcA , 81  

    O 
   Oceanotoga  , 198, 200  
    Ochrobactrum anthropi  , 229  
   O 2 -free airfl ow , 302  
   Okenone , 274  
   Olive mill wastewater (OMW) , 242–244  
   Open photobioreactor , 295  
   Open raceway , 298  
   Orange carotenoid protein (OCP) , 105  
   Orange processing wastes , 245  
   Organic acids , 15  
   Organic wastes , 242  
    Oscillatoria  , 339  

  O. limnetica  , 148  
   O 2 -tolerant [NiFe]-hydrogenases , 52–56  
   Outer membrane cytochromes , 229  
   Overpotential , 33, 35  
   Oxidative stress , 27  
   Oxo , 52  
   Oxygen (O 2 ) 

 desorption , 299  
 exposure , 217–218  
 generation rate , 300  
 inhibition , 50, 66  
 resistance , 64  
 sensitivity , 24–37  
 sensor , 113  
 tolerance , 24–37, 205–206  

   Oxygenic photosynthesis , 333, 337  
   Oxygen (O 2 ) inactivation , 115, 119  

 sensitive , 115  
 tolarence , 115  

   Oxygen–induced damage , 32  

    P 
  Paddle-stirred raceways , 298  
   Paddle wheel , 298  

 power requirements , 301  
   Panel reactors , 261  

   PCC 6301 , 116  
   P-cluster , 139  
   Pectins , 186, 323  
   Pentose phosphate pathway (PPP) , 186, 188  
   Perfect mixing , 301  
   Peroxide , 27, 28  
   Peroxo , 52  
   Persulfurated SeCys , 30  
    Petrotoga  , 198, 200  

  P. miotherma  , 206, 211  
    PhaC  , 247  
   pH buffering system , 217  
   Phosphoenolpyruvate-dependent phosphotransferase 

(PTS) , 184, 185, 189  
 transporter , 188  

   Phosphoribulokinase (PRK) , 255  
   Photoautotrophic , 156, 157, 159, 161  

 chassis , 90, 91  
   Photobiohybrids , 106, 108  
   Photobiological electrolysis , 293  
   Photobiological H 2  production , 292  
   Photobioreactor (PBR) , 257–260, 277, 279, 280, 284, 

291, 295, 322, 330–331  
 column packed , 330  
 performance , 295–298  
 plate type , 330  
 requirements , 331  

   Photochemical effi ciency (PE) , 257, 277, 278  
   Photoconversion , 107  

 effi ciencies , 108  
   Photoelectrochemical components , 106  
   Photofermentation , 11, 238, 260, 282, 294  
   Photoheterotrophic , 156, 157, 166–167  

 growth , 272  
   Photoinhibition , 279, 283  
   Photoluminescence , 109  
   Photophosphorylation uncoupler , 337  
   Photoprotection , 105  
   Photosynthesis , 11  
   Photosynthetically active radiation (PAR) , 277  
   Photosynthetic bacteria , 15  
   Photosynthetic effi ciency (PE) , 272, 277, 280  
   Photosynthetic hydrogen production , 292  
   Photosynthetic organisms , 102  
   Photosynthetic unit (PSU) , 273–275  
   Photosystem I (PSI) , 109  
   Photosystem II (PSII) , 148, 333  
   Phototrophic bacteria , 114  
   Phycobilisome , 148  
   Pilot scale sealed PBR for H 2  production , 311–313  
   Plant biomass , 178  
   Plastocyanin , 146  
    Platymonas subcordiformis  , 337  
    Plectonema  

  P. boryanum  , 140, 339  
  P. Leptolyngbya  , 140  

   Plug fl ow , 301  
   Polarity , 66  
   Polyacrylamide , 324  

Subject Index



364

   Poly-β-hydroxybutyrate (PHB) , 247, 255, 283, 284  
 synthase , 247  

   Polyethyleneimine , 326  
   Polyhydroxybutyrate , 169, 172  
   Poly-L-lysine , 326  
   Polysaccharide lyases (PLs) , 180, 182  
   Polysaccharides , 178, 179, 182–184, 200, 323  
   Polyurethane , 326  
   Polyvinyl alcohol (PVA) , 324, 326, 332  
   Polyvinylamine , 326  
   Potato starch , 244, 253  
   Potato steam peel (PSP) , 247, 252–253  

 hydrolysate , 248  
   Power consumption , 299  
   Power supply , 306  
   PPP.    See  Pentose phosphate pathway (PPP) 
   Pre-hydrolysis , 249  
   Pretreatment , 241, 243, 244, 247  
   Process control , 262  
   Product end-use , 351  
   Product inhibition , 216–217, 298  
   Productivity , 295  
   Protein fi lm electrochemistry , 115  
   Protein fi lm voltammetry (PFV) , 48  
   Proteomics , 161, 166, 167, 170, 171, 256–257  

 analyses , 160  
   Protonation , 67  
   Proton gradient , 104  
   Proton pathway , 110  
   Proton reduction , 229  
   Proton transfer , 31  
   Proton translocation , 272  
    psbA4  gene , 145  
   Pseudomonad-azotobacteria lineage , 141  
    Pseudomonas  species , 328  
   PufX , 275  
   Pulp and paper industry , 249  
   Purple bacteria , 331–332  

 absorption spectrum , 273  
   Purple non-sulfur bacteria (PNSB) , 238–240, 331  
    Pyrococcus furiosus  , 62, 191, 205  
   Pyrolysis , 350  
   Pyruvate , 16  

 node , 190  
   Pyruvateferrodoxin oxidoreductase (PFR) , 118  
   Pyruvate–formate lyase , 32  

    Q 
  Quinol , 276  
   Quinone , 273, 276  
   Quorum sensing , 146  

    R 
  Radiation damage , 28  
    Ralstonia  

  R. eutropha  , 26, 54, 109, 114–116  
  R. metallidurans  CH34 , 35  

   Raman spectra , 109  

   Reaction center (RC) , 272–275  
   Reactivation , 68  
   Reactive oxygen species (ROS) , 104, 111  
   Reactor design , 261  
   Reactor scale-up , 301  
   Ready , 55  
   Recalcitrance , 179–180  
   Recombinant expression , 255  
   Redox 

 balance , 255  
 mediators , 229  
 potential , 206  
 status , 255  

   Reduced quinol , 273  
   Reducing equivalents , 186, 188, 189, 192  
   RegA/RegB regulon , 277  
   RegB-RegA , 282  
   Regulation of nitrogenase , 170  
   Regulatory hydrogenase (RH) , 29, 51, 54  
   Renewable energy , 44  
   Residence time , 257  
   Respiration , 115  
   Respiratory complex I , 102  
   Respiratory pathway , 102  
   Reversed electron transport (RET) , 209  
    R.g. -keto carotenoids , 274  
   Rhamnose , 187  
   Rhizobia , 113  
    Rhizobium  , 142, 143  

  R. leguminosarum  , 58  
    Rhodobacter  , 121, 240, 248, 253  

  Rb. capsulatus  , 54, 140, 141, 160, 161, 163, 167, 247, 
249–256, 271, 281, 294, 313  

  Rb. capsulatus Hup-  , 248, 251, 256  
  Rb. sphaeroides  , 157, 161, 162, 167, 169, 242–245, 

248, 253–256, 273, 274, 280, 281, 294, 329  
    Rhodococcus opacus  , 60  
    Rhodopseudomonas  

  Rp. acidophila  , 274  
  Rp. faecalis  , 280  
  Rp. gelatinosa  , 161  
  Rp. palustris  , 140, 160, 248, 251, 253, 254, 256, 

270, 271, 280–281, 294, 325, 335  
    Rhodopseudomonas  sp .  , 244, 254  

 BHU01 , 248  
    Rhodospirillum  

  Rs. centenum  , 241  
  Rs. rubrum  , 140, 158, 160–163, 165, 167, 245, 255, 

270, 271, 275, 280  
  Rs. rubrum  S-1 , 242  

   Ribulose 1,5 bisphosphate carboxylase (Rubisco) , 166  
   Rice straw , 214  
   RNAi , 104  
   RNAseq , 169, 170  
    Rnf  operon , 256  
   ROS.    See  Reactive oxygen species (ROS) 
   ROS-scavenging systems , 206  
   Rubisco , 105, 167  
   Rubredoxin (Rd) , 205  

 oxygen reductase , 205  

Subject Index



365

    S 
  Saccharifi cation , 252  
   S-adenosylmethionine , 111  
    Salmonella enterica  serovar Typhimurium , 34  
   SAM , 112  
   Scale-up , 307  

 of tubular PBR , 313–316  
    Scenedesmus  , 332  

  S. obliquus  , 49, 57, 293  
   Sealed photobioreactor , 302  
   Seleno-cysteine (SeCys) , 29  
   Self-assemble , 107–109  
   Semiconductor , 107  
   Semicontinuous cultures , 298  
   Semicontinuous mode , 301  
   Sequential two-step processes , 239  
   Shear damage , 299  
    Shewanella  , 229  

  S. oneidensis  , 57  
   Silica 

 nanoparticles , 313  
 particles , 334  

   Silk fi broin , 324  
   Site directed mutagenesis , 255  
   S-layer homology (SLH) domain , 181  
   SlyD , 34  
   Small angle X-ray scattering (SAXS) , 112  
   Solar collector , 308  
   Solar incident radiation , 297  
   Solar irradiation , 279  
   Solar light , 279  
   Solar panel PBRs , 251  
   Sol-gels , 324, 340  
   Soluble hydrogenase (SH) , 54  
   Sphaeroidene , 274  
   Spirilloxantin , 274  
    Spirulina maxima  , 85  
   Stand-alone system , 351  
   Standardized , 92  

 biological devices , 90  
 biological parts , 90  

   Starch , 105, 183, 186, 204, 252–253, 323  
   State transitions , 104  
   Streamline genomes , 91  
   Stripping out of the H 2  , 303  
   Substrate conversion (SC) , 15, 280  

 effi ciency , 282  
   Succinate dehydrogenase , 272, 273, 276  
   Sugar beet processing industries , 249  
   Sugarcane juice , 244  
   Sugar refi nery wastewater (SRW) , 242, 245  
   Sulfenate , 27, 28  
   Sulfi de on cyanobacterial electron fl ow , 148  
   Sulfi nate , 30  
   Sulfur deprivation , 105, 118, 120, 333  
   Sulfur-deprived , 121  
   Sulphur-depleted , 294  
   Sulphur deprivation , 292, 294  
   Sump , 299  
   Sunlight , 278  

   Supercomplexes , 104  
   Supplementary nutrients , 241  
   Supply CO 2  , 299  
   Surface functionalization , 107  
   Surface-to-volume ratio , 257  
   Survival of life on Mars , 147  
   Sweet potato starch , 253  

 residue , 248  
    Synechococcus  , 81, 88, 90–92, 116, 117, 147, 148, 336  

  S. elongatus  , 62, 88, 112, 119, 148  
  S.  PCC 7942 , 113  

    Synechocystis  , 60, 82, 87, 90, 91, 104, 113–116, 121, 341  
   Synthetic Biology (SB) , 90–91  
   Synthetic parts , 91  

    T 
  Temperature , 216, 297  

 control , 306–307, 311  
   Thauer limit , 177, 178, 189  
    Thermoanaerobacter  

  T. psuedethanolicus  , 188  
  T. tengcongensis  , 210  

    Thermococcales  , 205  
    Thermococcoides  , 198  
    Thermosipho  , 198  

  T. africanus  , 204, 211  
  T. melaniensis  , 206  

    Thermosynechococcus elongatus  , 64  
    Thermotoga  , 198  

  T. elfi   , 204, 211  
  T. hypogea  , 198  
  T. lettingae  , 200  
  T. maritima  , 110, 112, 189, 198  
  T. neapolitana  , 112, 198, 211  
  T. neopolitana  , 248, 249  
  T. thermarum  , 206  

    Thermotogales  , 198, 200  
   Thick juice , 247–251  
    Thiocapsa roseopersicina  , 62, 90, 114, 119  
   Thioredoxin , 118  
   Thiosulfate reduction , 203  
   Thorneley-Lowe scheme of nitrogenase catalysis , 140  
   TiO 2  , 108  
   Tofu wastewater , 242, 245  
   Transcriptional regulation , 81  
   Transcriptomics , 161, 170, 172, 256  
   Transferases , 207  
   Transit peptides , 113, 117, 119  
   Tricarboxylic acid (TCA) cycle , 188, 272, 282  
    Trichoderma reesei  , 181  
    Trichodesmium erythraeum  , 145  
   Truncated Chl antennae , 121  
   Truncated light-harvesting antennae , 336  
   Tubular heat exchanger , 306  
   Tubular photobioreactor , 250, 258, 308–309  
   Tubular reactors , 257, 261, 298  
   Tubular systems , 302  
   Two-stage biohydrogen production , 254  
   Two-stage hydrogen production processes , 243  

Subject Index



366

   Two-stage systems , 18  
   Two-step processes , 247  

 fermentation , 252  

    U 
  Ubiquinone , 275, 276  
   UCYN-A group , 147  
    UCYN-A  organism , 138  
   Unready , 55  

 Ni-A state , 27  
   Update hydrogenase , 148  
   Uptake hydrogenase , 81, 142, 146, 254, 271, 284  
   Uronic acids , 186  
   UV-light polymerization , 324  

    V 
  V-nitrogenases , 137, 140, 141  
   Volumetric energy densities , 351  
   Volumetric mass transfer coeffi cient , 303, 311  

 gas-liquid , 310  

    W 
  Waste management , 238  
   Waste material , 239  
   Water electrolysis , 292  
   Wheat starch , 253  
   Wheat straw , 214  
   Whey waste , 242  
   World record for cyanobacterial 

H 2 -production , 146  

    X 
  X ray adsoption spectroscopy , 110  
   X-ray crystallography , 110  
   Xylan , 183, 186, 212  
   Xylanase , 183  
   Xyloglucanase , 182  
   Xylose , 180, 185, 186  

    Y 
  Yogurt waste , 242, 245          

Subject Index


	From the Series Editors
	 This Book: Volume 38
	 Authors
	 Our Books: Published Volumes
	 Future Advances in Photosynthesis and Respiration and Other Related Books
	 Acknowledgments

	Series Editors
	Contents
	Preface
	The Editors
	Contributors
	Author Index
	Part I: General and Molecular Aspects of Bio- Hydrogen Generation
	Chapter 1: Bioenergy from Microorganisms: An Overview
	I. Climate Change and Future Energy Challenges
	A. The Scope of the Problem
	B. Global Energy Equity and Energy Justice

	II. A Wide Variety of Biofuels
	A. First Generation Biofuels
	B. Beyond First Generation Biofuels
	1. Molecular Engineering for the Deconstruction of Lignocellulosic Biomass
	2. Molecular Engineering for Biofuels Production


	III. The Microbial Production of Hydrogen
	A. Modes of Biological Hydrogen Production
	1. Light Driven Biohydrogen Production
	a. Biophotolysis
	b. Photofermentation by Photosynthetic Bacteria
	c. Theoretical and Practical Limits to Light Conversion Efficiencies

	2. Hydrogen Production by Dark Fermentation
	3. Microbial Electrolysis


	References

	Chapter 2: Structural Foundations for O 2 Sensitivity and O 2 Tolerance in [NiFe]-Hydrogenases
	I. Introduction
	II. [NiFe]-Hydrogenases
	A. Types of [NiFe]-Hydrogenases
	B. The [NiFe]-Hydrogenases of Escherichia coli 

	III. Structural Studies of O 2 -Sensitive [NiFe]-Hydrogenases
	IV. Structural Studies of O 2 -Resistant [NiFeSe]-Hydrogenases
	V. Structural Studies of O 2 -Tolerant Membrane-Bound [NiFe]-Hydrogenases
	VI. Regulation of Hydrogenase Expression and Activity: The Example of Escherichia coli 
	VII. [NiFe]-Hydrogenase Maturation
	VIII. Biotechnological Applications
	A. Membrane-Bound [NiFe]-Hydrogenase
	B. [NiFeSe]-Hydrogenase
	C. Bio-inspired Artificial Hydrogen Catalysts

	IX. Conclusions
	References

	Chapter 3: Engineering Hydrogenases for H 2 Production: Bolts and Goals
	I. Introduction
	II. Classification and Physiological Properties of Hydrogenases
	A. Generalities
	B. Classification
	1. [Fe]-Hydrogenase (EC 1.12.98.2)
	2. [FeFe]-Hydrogenase (EC 1.12.7.2)
	a. Reaction with O 2 and CO

	3. [NiFe]-Hydrogenase (EC 1.12.2.1)
	a. Classification
	b. Reaction with O 2 and CO
	c. Specific Characteristics of the Naturally Occurring O 2 -Tolerant [NiFe]-Hydrogenases



	III. Maturation of Hydrogenases: Specific and Complex Process
	A. [FeFe]-Hydrogenase Maturation: Protein Machinery
	B. [NiFe]-Hydrogenase Maturation: Protein Machinery
	C. O 2 -Tolerant [NiFe]-Hydrogenase Maturation: Protein Machinery

	IV. Enzyme and Metabolic Engineering to Improve H 2 Production
	A. Heterologous-Expression and Overexpression of Hydrogenases
	1. [FeFe]-Hydrogenase
	2. [NiFe]-Hydrogenase
	a. Heterologous Expression of Bidirectional [NiFe]-Hydrogenases (Group III) in E. coli 
	b. Heterologous Expression of O 2 -�Tolerant [NiFe]-Hydrogenase (Group I)


	B. Substrate Selectivity, Competition and Linking
	C. Protein Engineering to Improve the O 2 -Tolerance of Hydrogenases
	1. Slowing Down of the Oxygen Diffusion Along the Gas Channel
	a. Slowing Down of the Diffusion Rate
	b. Slowing Down of the Inhibition Rate by O 2 

	2. Changing of the Reactivity of Oxygen with the Active Site
	a. Introduction of Methionines in the Gas Channel Near the Active Site
	b. Introduction of a Cysteine in the Gas Channel Near the Active Site



	V. Conclusion
	References

	Chapter 4: H 2 Production Using Cyanobacteria/Cyanobacterial Hydrogenases: From Classical to Synthetic Biology Approaches
	I. Introduction
	II. Transcriptional Regulation and Maturation of Cyanobacterial Hydrogenases
	III. Strategies to Improve Cyanobacterial H 2 Production
	A. Classical Approaches
	1. Screening for Strains/Enzymes with Improved Activities
	2. Tuning Physiological/Environmental Conditions
	3. Knockout Mutants/Protein Engineering
	4. Expression of Heterologous Hydrogenases in Cyanobacteria
	5. Expression of a Cyanobacterial Hydrogenase in Escherichia coli 

	B. Synthetic Biology Approaches
	1. Cyanobacteria as Photoautotrophic Chassis
	2. Parts and Devices for H 2 Production
	a. Hydrogen Producing Devices
	b. Oxygen Consuming Devices



	IV. Conclusions and Future Perspectives
	References

	Chapter 5: Hydrogen Production by Water Biophotolysis
	I. Introduction
	A. Photosynthetic Pathways for H 2 Production
	B. Photobiohybrid Systems

	II. Hydrogenases
	A. [FeFe]-Hydrogenases
	1. Structure, Function and O 2 Sensitivity
	2. Maturation
	3. Regulation

	B. [NiFe]-Hydrogenases
	1. Structure, Function and O 2 Sensitivity
	2. Maturation
	3. Regulation


	III. Ferredoxin Network in Chlamydomonas reinhardtii 
	IV. Barriers to H 2 Photoproduction
	A. O 2 Sensitivity of Hydrogenases
	B. Competition with Other Pathways
	C. Downregulation of Electron Transport by Non-dissipation of the Proton Gradient
	D. Other Barriers

	References

	Chapter 6: Nitrogenase-Dependent Hydrogen Production by Cyanobacteria
	I. Introduction
	 II. Nitrogenases in Cyanobacteria
	 III. Hydrogen Production by Nitrogenases
	 IV. Hydrogen Formation in Heterocystous Cyanobacteria
	 V. Hydrogen Formations by Unicellular Cyanobacteria
	 VI. Conclusion
	References

	Chapter 7: Systems Biology of Photobiological Hydrogen Production by Purple Non-sulfur Bacteria
	I. Introduction
	A. Background on Purple Non-�sulfur Bacterial Physiology
	B. Hydrogen Gas Production by PNSB

	II. Purple Non-sulfur Bacteria in the Light of Genomics and Systems Biology
	A. Rhodopseudomonas palustris CGA009 – The First Purple Genome Sequence
	1. An Inactive Uptake Hydrogenase
	2. An Arsenal of H 2 Producing Nitrogenases
	3. Finding the Route from Lignin Monomers to H 2 
	4. Removing Greenhouse Gases While Producing Biofuels Through the Use of Inorganic Feedstocks

	B. Comparative Rp. palustris Genomics

	III. Deciphering and Engineering the Metabolic and Regulatory Mechanisms Involved in H 2 Production
	A. Regulation of Nitrogenase in Response to NH 4 + 
	B. Bypassing the Repression of Nitrogenase in Response to NH 4 + 
	C. Identifying and Eliminating Pathways That Compete with H 2 Production

	IV. Future Directions for a System-�Level Understanding of Photobiological H 2 Production
	A. RNAseq Analysis of Coding and Non-coding RNAs
	B. Proteomic Analysis of Post-�translational Regulatory Mechanisms
	C. Global Identification and Characterization of Ligand-Binding Proteins
	D. The Physiology of Non-�growing Cells – Approaching the Maximum Theoretical H 2 Yield
	E. Non-biased Interpretation and Utilization of Systems Biology Data

	References

	Chapter 8: The Extremely Thermophilic Genus Caldicellulosiruptor : Physiological and Genomic Characteristics for Complex Carbohydrate Conversion to Molecular Hydrogen
	I. Introduction
	II. Extracellular Deconstruction of Lignocellulosic Biomass
	A. Lignocellulose Composition and Recalcitrance
	B. Enzymatic Lignocellulose Deconstruction
	1. Core Caldicellulosiruptor Hydrolytic Enzymes
	2. Cellulolytic Caldicellulosiruptor Enzymes


	III. Carbohydrate Transport
	IV. Intermediary Metabolism
	V. Metabolism of Fuel Production
	A. Ethanol
	B. Hydrogen
	1. Hydrogen Production and Carbohydrate Transport
	2. Hydrogenases in Caldicellulosiruptor 

	C. Growth Conditions and Hydrogen Production
	1. Regulation of Lactate Dehydrogenase
	2. Hydrogen Concentration Affects Hydrogen Production
	3. Hydrogen Yields


	References

	Chapter 9: Members of the Order Thermotogales: From Microbiology to Hydrogen Production
	I. Introduction
	II. Habitat
	III. Metabolic Features
	A. Electron Donors
	B. Electron Acceptors
	C. End-Products of Metabolism
	D. Oxygen Tolerance
	E. Hydrogen Sensitivity

	IV. Hydrogen Production by Thermotogales spp.
	A. Thermodynamic Features
	B. The Hydrogenases of Thermotoga spp.
	C. Hydrogen Production as a Function of Variable Substrate
	1. Use of Simple Sugars and Polysaccharides
	2. Use of Carbon Sources from Varies Waste-Residues

	D. H 2 Production Process and Culture Parameters
	1. Product Inhibition
	2. pH Buffering System
	3. Oxygen Exposure
	4. Growth-Temperature and H 2 Production


	V. Future Perspectives
	References

	Chapter 10: Bioelectrochemical Systems for Indirect Biohydrogen Production
	I. Principles of Microbial Electrolysis Cells
	A. Microbially Catalyzed Anode Reduction with Applied Potential
	B. Substrate Versatility
	C. Hydrogen Production Rates and Yield and Energy Efficiency

	II. Microbial Catalysts at the Anode
	III. Cathode Reaction
	A. Inorganic Catalysts
	B. Biocathodes

	References


	Part II: Applied Aspects in Biohydrogen Production
	Chapter 11: Applications of Photofermentative Hydrogen Production
	I. Introduction
	II. Guidelines for Effective Photofermentative Hydrogen Production
	A. Selection of the Microorganism
	B. Composition of the Feedstock and Its Possible Adjustments

	III. Utilization of Waste Materials for Photofermentative Hydrogen Production
	A. Olive Mill Wastewater (OMW)
	B. Sugar Manufacturing Wastes
	C. Dairy Product Wastes
	D. Other Types of Waste Materials

	IV. Photofermentative Hydrogen Production with Dark Fermenter Effluents
	A. DFEs Obtained from Lignocellulosic Feedstocks
	1. Barley Straw DFE
	2. Miscanthus DFE

	B. DFEs Obtained from Sugar Processing Industry Intermediates
	1. Thick Juice DFE
	2. Molasses DFE

	C. DFEs Obtained from Starch-�Based Biomass
	1. Potato Steam Peels (PSP) Hydrolysate DFE
	2. Cassava Starch DFE
	3. Ground Wheat Starch DFE

	D. DFEs from Other Feedstocks

	V. Optimization of Hydrogen Yield
	A. Genetic Modifications
	1. Deletion of Uptake Hydrogenase
	2. Expression of Hydrogen-Evolving Hydrogenases
	3. Redirecting the Electron Flow to Nitrogenase
	4. Improving the Ammonium Ion Tolerance
	5. Proteomics and Microarray Analysis of Rb. capsulatus

	B. Photobioreactor Design
	1. Tubular Reactors
	2. Flat Panel Reactor


	VI. Efficiency Analysis
	VII. Future Prospects
	References

	Chapter 12: Photosynthesis and Hydrogen Production in Purple Non Sulfur Bacteria: Fundamental and Applied Aspects
	I. Introduction
	II. The H 2 Production Process in Purple Bacteria
	A. Electron Transport to Nitrogenase
	B. The Role of ATP in Nitrogenase Activity

	III. Anoxygenic Photosynthesis
	A. The Photosynthetic Unit (PSU)
	1. Carotenoids
	2. Light Harvesting (LH) Complexes
	3. The Reaction Center (RC)

	B. The Role of Quinones

	IV. Photosynthetic Efficiency (PE)
	A. Light Intensity
	B. Light Quality and Sources

	V. Substrate to Hydrogen Conversion (SC)
	VI. Process Bottlenecks – Conclusions
	References

	Chapter 13: Photobioreactors Design for Hydrogen Production
	I. Introduction
	II. Major Routes for the Photobiological H 2 Production
	III. Major Factors Impacting on Photobioreactor Performance
	IV. Principles for Photobioreactors Design and Scale Up
	A. Open Raceway (RW) Reactor
	1. Mass Transfer. The Supply of Carbon Dioxide and the Removal of Oxygen in an Open RW
	2. Mixing and Power Consumption
	3. Scale-Up of Raceway Reactors

	B. Closed Photobioreactors
	1. Flat Panels
	a. Panel Orientation and Light Path Depth
	b. O 2 -Free Aeration Rate and Its Impact on Power Supply, Mass Transfer and Mixing
	c. Temperature Control
	d. Scale-Up of Flat Panels

	2. Tubular Photobioreactors
	a. The Liquid Velocity and Length of the Solar Tube
	b. Combining Flow and Gas-Liquid Mass Transfer Within the Tube
	c. Hydrogen Removal and Temperature Control
	d. Examples of Pilot Scale (>50 L) Sealed PBR for H 2 Production
	e. Scale-Up of Tubular PBR



	V. Concluding Remarks
	References

	Chapter 14: Immobilization of Photosynthetic Microorganisms for Efficient Hydrogen Production
	I. Introduction
	II. Methods of Immobilization
	A. Artificial Immobilization
	1. Ionic Adsorption on Water-Insoluble Matrices
	2. Gel Entrapments
	a. Polysaccharides
	b. Proteins
	c. Polyvinyl Alcohol
	d. Polyacrylamide

	3. Thin-Layer Immobilization
	a. Sol-Gel Encapsulation
	b. Latex Coatings
	c. Alginate Films

	4. Covalent Attachment

	B. Natural Immobilization
	1. Biofilm Formation
	a. Attachment
	b. Colonization
	c. Biofilm Maturation

	2. Acceleration of Natural Immobilization


	III. Mechanical Support and Photobioreactors for Immobilized Photosynthetic Microorganisms
	IV. Hydrogen Production by Purple Bacteria
	V. Hydrogen Production by Immobilized Microalgae
	VI. Hydrogen Production by Immobilized Cyanobacteria
	VII. Concluding Remarks
	References

	Chapter 15: Hydrogen Production and Possible Impact on Global Energy Demand: Open Problems and Perspectives
	I. Introduction
	II. Hydrogen as Energy Carrier
	III. Hydrogen Storage: An Open Problem
	IV. Safety Issues in the Use of Hydrogen as a Fuel
	V. Economical and Political Issues
	VI. Conclusions
	References


	Subject Index

